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Synthesis and analysis of an active independent front steering (AIFS) system 
 
Azadeh Farazandeh, Ph.D. 
Concordia University, 2015 
Technological developments in road vehicles over the last two decades have received 
considerable attention towards pushing the safe performance limits to their ultimate levels. 
Towards this goal, Active Front Steering (AFS) and Direct Yaw-moment Control (DYC) 
systems have been widely investigated. AFS systems introduce corrective steering angles to the 
conventional system in order to realize a target handling response for a given speed and steering 
input. An AFS system, however, may yield limited performance under severe steering 
maneuvers involving substantial lateral load shift and saturation of the inside tire-road adhesion. 
The adhesion available at the outer tire, on the other hand, would remain under-utilized. This 
dissertation explores effectiveness of an Active Independent Front Steering (AIFS) system that 
could introduce a corrective measure at each wheel in an independent manner.  
The effectiveness of the AIFS system was investigated firstly through simulation of a yaw-
plane model of a passenger car. The preliminary simulation results with AIFS system revealed 
superior potential compared to the AFS particularly in the presence of greater lateral load shift 
during a high-g maneuver. The proposed concept was thus expected to be far more beneficial for 
enhancement of handling properties of heavy vehicles, which invariably undergo large lateral 
load shift due to their high center of mass and roll motion. A nonlinear yaw-plane model of a 
two-axle single-unit truck, fully and partially loaded with solid and liquid cargo, with limited roll 
degree-of-freedom (DOF) was thus developed to study the performance potentials of AIFS under 
iv 
 
a range of steering maneuvers. 
A simple PI controller was synthesized to track the reference yaw rate response of a neutral 
steer vehicle. The steering corrections, however, were limited such that none of the tires 
approach saturation. For this purpose, a tire saturation zone was identified considering the 
normalized cornering stiffness property of the tire. The controller strategy was formulated so as 
to limit the work-load magnitude at a pre-determined level to ensure sufficient tire-road adhesion 
reserve to meet the braking demand, when exists.  
Simulation results were obtained for a truck model integrating AFS and AIFS systems 
subjected to a range of steering maneuvers, namely: a J-turn maneuver on uniform as well as 
split-𝜇 road conditions, and path change and obstacle avoidance maneuvers. The simulation 
results showed that both AFS and AIFS can effectively track the target yaw rate of the vehicle, 
while the AIFS helped limit saturation of the inside tire and permitted maximum utilization of 
the available tire-road adhesion of the outside tire. The results thus suggested that the 
performance of an AIFS system would be promising under severe maneuvers involving 
simultaneous braking and steering, since it permitted a desired adhesion reserve at each wheel to 
meet a braking demand during the steering maneuver. Accordingly, the vehicle model was 
extended to study the dynamic braking characteristics under braking-in-turn maneuvers. The 
simulation results revealed the most meritorious feature of the AIFS in enhancing the braking 
characteristics of the vehicle and reducing the stopping time during such maneuvers. The 
robustness of the proposed control synthesis was subsequently studied with respect to parameter 
variations and external disturbance. This investigation also explores designs of fail-safe 
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𝐾𝑃 Proportional gain 
𝐾𝐼 Integral gain 
𝐾𝐷 Derivative gain 
𝐾𝑖𝑛𝑠 Instantaneous cornering stiffness 
𝐾𝑖𝑛𝑡 Initial cornering stiffness 
𝑘𝑏𝐹 Front wheel  brake torque distribution factor 
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𝑘𝑏𝑅𝑗
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𝑚 Total vehicle mass 
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𝑚𝑠𝑅 Rear sprung mass 
𝑚𝑢𝐹 Front unsprung mass 
𝑚𝑢𝑅 Rear unsprung mass 
𝑀𝑖𝑗 Tire self-aligning moment  
𝑟 Yaw rate 
𝑟𝑟𝑒𝑓 Reference yaw rate 
𝑟𝑟𝑒𝑓
∗  Refined reference yaw rate 
𝑅𝑤 Wheel radius 
𝑇𝑏𝑖𝑗 Braking torque 
𝑇𝑑𝑖𝑗 Driving torque 
𝑇𝐹 Half front track 
𝑇𝑅 Half rear track 
𝑉 Vehicle speed 
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𝑉𝑦 Lateral velocity 
𝑊𝐹 Front axle weight 
𝑊𝑅 Rear axle weight 
𝑊𝑇 Tire work-load 
𝛼𝑖𝑗 Tire slip angle  
𝛼∗ Saturated tire slip angle 
𝛽 Vehicle side-slip angle 
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𝛾 Liquid free surface gradient 
𝛿𝐶 Steering correction command 
𝛿𝐼 Inner wheel angle 
𝛿𝑙 Left wheel angle 
𝛿𝑙
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𝛿𝑂 Outer wheel angle 
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𝜇𝑙 Tire-road friction coefficient at left wheel 
𝜏 Time constant 
𝜙 Roll angle 
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LITERATURE REVIEW AND SCOPE OF THE DISSERTATION 
1.1  Introduction 
The steering system of a road vehicle facilitates the execution of the human driver’s 
command to the vehicle, which subsequently determines the resulting handling and stability 
performances. The increasing demands for active safety systems in road vehicles have evolved 
into an array of automated driver-assist or driver-independent steering systems. The active front 
steering (AFS) system is one example of such developments, which can substantially enhance 
the handling dynamics functions of a road vehicle, with greater safety limits and ease of 
operation by the driver [1,2]. The steering mechanism in conventional road vehicles is generally 
designed to closely follow the Ackerman ratio for the inner and outer wheels steer angles at low 
speeds. The presence of slip angles developed at the tires at high speeds, however, tends to 
substantially alter the path following ability of the vehicle to a given steering input. This 
phenomenon attributed to the compliance of the pneumatic tires, also known as the vehicle 
understeer characteristic, can be effectively compensated through active control of wheels as a 
function of the forward speed and the maneuver demands. 
A number of concepts in active front steering (AFS), capable of providing continuous and 
situation-dependent variations in the steering ratio, have evolved during the past two decades for 
realizing improved low-speed maneuverability and high-speed stability performance of the 
vehicle. An AFS system alters the inner and the outer wheels angles simultaneously in order to 
realize a pre-determined target response depending on the forward speed and steering input. The 
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AFS designs, however, do not consider the tire saturation limits associated with the available 
road adhesion. Owing to the nonlinear cornering characteristics of pneumatic tires, a wheel may 
approach lateral force saturation under a high lateral acceleration maneuver and thereby limit its 
ability to generate the required lateral force. The AFS system may thus exhibit a distinct 
limitation in providing the target response or controllability under high-g maneuvers that lead to 
significant lateral load shift as in the case of commercial vehicles with high center of mass. 
Vehicle stability control (VSC) systems such as direct yaw-moment controllers (DYC) are 
known to be more effective than the AFS under high lateral acceleration maneuvers, since these 
generate the required yaw moment via differential braking [3,4]. A DYC system alone, however, 
yields limited performance in tracking a target vehicle response to steering inputs, apart from 
longer stopping distance during an emergency braking maneuver and reduced tire life [5,6]. 
Furthermore, it may cause a directional instability in an emergency braking maneuver on a split-
𝜇 road condition, where the road adhesion limits of the left and right side could be substantially 
different [1]. A number of studies have explored the coordinated control of AFS and DYC to 
realize enhanced vehicle control performance under a wide range of operating conditions. The 
integrated AFS and DYC control, however, is considered to be far more complex involving 
relatively large number of tracking or estimated parameters [7-9]. 
Alternatively, the performance potentials of an AFS could be greatly enhanced through 
independent control of the inner and outer wheels’ steer angles with appropriate considerations 
of the tires saturation. This would permit optimal utilization of the available adhesion of both the 
wheels to meet the cornering demand of the vehicle, particularly under the large magnitude 
lateral load transfers caused by high-acceleration maneuvers. Such a concept, referred to as 
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Active Independent Front Steering (AIFS) system in this dissertation, would likely lead to 
enhanced handling and stability over a wide range of operating conditions, including the 
operation under split-𝜇 road conditions. Furthermore, the AIFS system can also be integrated 
with DYC to achieve improved yaw stability limits of the vehicle. The AIFS control could also 
allow for improved distribution of available road adhesion in realizing desired fore-aft and lateral 
tire forces under simultaneous braking and steering maneuvers. 
The implementation of AIFS, however, would necessitate the design of a practical 
mechanism to achieve independent variations in the inside and outside wheels angles, which 
forms the major challenge in realizing the AIFS concept. The reported studies on adaptive 
steering systems generally propose the use of “Steer-by-Wire” (SBW) together with a 
mechanical backup system [10-12]. A few mechanical active steering systems have also evolved 
to achieve variable steering ratio (VSR), and thereby assist the driver’s steering effort [13-15]. 
Such systems, however, do not permit independent steering control of the inner and outer 
wheels. 
The proposed dissertation research investigates the concept of an AIFS control strategy for 
realizing enhanced handling performance limits of road vehicles under a range of operating 
conditions. A controller synthesis is formulated so as to utilize the available adhesion limits of 
both the steered wheels prior to their saturation. The performance potentials of the AIFS are 
investigated through formulation and simulations of a nonlinear handling model of a road vehicle 
considering independent steering of the inner and outer wheels. The effectiveness of the AIFS 
control is particularly explored for high center of mass vehicles involving large longitudinal and 
lateral load shifts, and operation on uniform as well as split-𝜇 road conditions. A fail-safe 
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mechanical steering mechanism is subsequently described for implementation of the proposed 
AIFS concept. 
1.2  Review of Relevant Literature 
Technological developments in road vehicles over the last two decades have been directed 
towards realizing enhanced safety performance limits, while limiting the control demands on the 
drivers. This is primarily achieved by overcoming various conflicting parametric requirements 
through the use of adaptive elements and controllers. Prime examples of these developments 
include the active suspensions (ACT-SUS) [16], active roll control (ARC) [17], variable gear 
ratio steering (VGR) [15] with an active front steering system (AFS), electronic power steering 
(EPS) [18], direct yaw-moment control (DYC) utilizing the anti-lock-braking systems(ABS) [19] 
and the traction control systems (TCS) [19].  
Since the focus of the current research is active steering system, an extensive review of 
literature has been carried out on topics related to active steering, together with handling and 
direction control performance of road vehicles. The studies on chassis control systems such as 
direct yaw-moment control (DYC), active front steering (AFS), four wheel steering (4WS) as 
well as integrated AFS/4WS and DYC are considered to be the most relevant topics. The review 
is carried out in order to develop the scope of the dissertation research towards advancements in 
active steering system. The reported studies on various chassis control systems, together with 
their relative merits and limitations, are summarized in the following sub-sections. 
1.2.1 Direct yaw-moment control (DYC) system 
Concepts in direct yaw-moment control (DYC) systems have mostly evolved during the past 
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two decades as effective methods to enhance vehicle directional stability in emergency 
situations, where the vehicle experiences a high lateral acceleration [3,20-22]. Under such 
driving conditions, the tire forces reach the saturation region, leading to rapid increase in the 
vehicle side-slip angle, which limits the steered wheels ability to generate the required yaw 
moment for ensuring adequate directional control and stability. A DYC control strategy imposes 
the desired yaw moment by distributing differential longitudinal forces between the left and right 
wheels as well as by controlling the engine throttle. Stability control systems employing such a 
control strategy have been denoted in widely different terms such as: DYC (Direct Yaw-moment 
Control) [3], VDC (Vehicle Dynamic Control) [4], ESC (Electronic Stability Control) [23], ESP 
(Electronic Stability Program) [24], VTD (Variable Torque Distribution) [25] and DBC 
(Differential Braking Control) [26]. These strategies generally utilize anti-lock braking system 
(ABS) [27] technology along with different sensors, hardware and controllers.  
The yaw rate and side-slip angle are the two key response parameters that not only describe 
but also serve as essential quantities for controller designs for realizing enhanced handling and 
stability performance of the vehicle [24]. The reported studies have invariably shown that a DYC 
control system could effectively generate the required yaw moment by tracking either the yaw 
rate [21,28] or the vehicle side-slip angle [22,29]. A number of studies have also proposed yaw 
moment control through control of both the parameters simultaneously. The majority of these use 
the linear quadratic regulator (LQR) theory in conjunction with different weightings for the yaw 
rate and the side-slip angle [4,6,30]. It is also known that, tracking of the side-slip angle is far 
more challenging than the yaw rate [6,22]. 
Several attempts have been made to explore DYC systems with different control approaches 
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so as to enhance the handling, control and stability of the vehicle. The preliminary discussions 
and analyses of the DYC concepts emerged in 1993 [3]. This study integrated the dynamics of a 
seven-degrees-of-freedom (DOF) vehicle model with a DYC system in the nonlinear region, 
where the tires approached saturation limits during high speed turning maneuvers. The study 
proposed the “𝛽-method”, suggesting that the vehicle side-slip angle would serve as the key 
indicator of the vehicle stability and dynamics in different states of motion including the 
nonlinear and transient motions. This technique was utilized to generate the required yaw 
moment with transversal distribution of traction and braking forces between the left- and the 
right- rear wheels. Through simulation results, it was shown that the proposed controller could 
yield transient directional responses close to the steady-state cornering responses, and thereby 
improves the vehicle maneuverability limits.  
Subsequently, Van Zanten et al. [4] developed the DYC system hardware including the 
steering wheel angle and yaw rate, lateral acceleration and wheel speed sensors as well as 
hydraulic and the electronic control unit. This DYC system was introduced as the Vehicle 
Dynamic Control (VDC) system, and was evaluated on the test track under different driving 
conditions. A cascade control was synthesized consisting of inner loop for wheel slip control and 
outer feedback loop for tracking the desired yaw moment by adjusting the steering angle, engine 
torque and the wheel brake pressures. The stability of the vehicle equipped with VDC system 
was evaluated through experiments and simulations under rapid lane change, slalom and J-turn 
maneuvers at different speeds. It was shown that the proposed VDC system could achieve the 
enhanced handling performance and stability limits under severe operating and road conditions. 
A VDC system based on the vehicle side-slip control was also developed by Bosch [24], which 
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was referred to as electronic stability program (ESP). The ESP system generated the required 
yaw moment by controlling the vehicle side-slip through individual wheel slip control. The 
Bosch study also reported the five years long experience with the ESP system, suggesting 
notable reductions in fatalities in sever accidents with vehicles employing the ESP. 
The significance of DYC system as an active safety control in road vehicles was also 
emphasized by Abe [22] through relative performance analyses of DYC and other available 
active safety control systems. Similar to the study reported in [3], the stability limits of a vehicle 
were investigated in the vicinity of the tire nonlinear region (tire force saturation zone) using a 
simple two-DOF vehicle model including the yaw rate and the side-slip angle. Through solution 
of the characteristic equation of the system, it was shown that a reduction in the rear tire 
cornering stiffness caused by a large vehicle side-slip angle, low tire-road friction coefficient or 
large load transfer between the front and rear axles during braking could lead to lateral instability 
of the nonlinear vehicle model. A sliding mode (SM) control method was subsequently 
synthesized to track the side-slip angle using the DYC system. It was concluded that a DYC 
could provide most effective control of the directional instability in the presence of a high lateral 
acceleration compared to the four wheel steering systems. Similarly, Hamzah [31] examined the 
directional stability of a DYC system using the sliding mode control methodology. It was shown 
that the discontinuous control action of the sliding control could cause high frequency chatter 
and thereby rapid mechanical wear and passenger discomfort. Alternatively, a second order 
sliding mode (SOSM) control was proposed to generate continuous control action. Although, 
both the SM and SOSM could effectively track the desired responses with similar accuracy, the 
SM control technique caused greater reduction in the vehicle speed due to higher braking 
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pressures applied to the wheels, which is not desirable particularly during high-speed lane-
change maneuvers. 
The DYC has been widely studied during the past decade, focusing on its potential merits 
and limitations. For instance, a recent study proposed a DYC synthesis with minimal usage of 
the external yaw moment considering a simple two-DOF linear yaw-plane model of the vehicle 
[6]. The controller synthesis was realized to minimize the external yaw moment so as to reduce 
the undesirable effects of braking-base yaw moment control, namely the reduction in the vehicle 
speed and the tire wear. It was shown that limiting the external yaw moment would yield 
relatively higher path tracking errors, and that the DYC control based on side-slip angle tracking 
can provide enhanced lateral stability compared to that based on the yaw rate response, 
particularly for the low adhesion roads or high lateral acceleration turning maneuvers. 
Tamaddoni et al. [32] investigated the stability of a vehicle with the DYC considering driver 
as an additional controller. The study employed a close-loop steering using a driver model in 
conjunction with the game theory. The steering input of the driver and the corrective yaw 
moment input from the DYC were considered as two players in the controller synthesis. Using 
the Nash optimal strategy, the driver was considered to provide the steering control, while the 
DYC ensured optimal performance and robustness of the coupled driver-vehicle system. The 
study employed a nonlinear vehicle model in the CarSim platform [33] and concluded that 
increasing the driver preview time could effectively enhance the vehicle stability and reduce the 
driver’s effort. 
The vast majority of the studies have generally focused on DYC with an objective to 
enhance the directional stability limit of the vehicle, a few studies have suggested improved 
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vehicle rollover immunity during high speed turning maneuvers. For example, Chen et al. [34] 
studied the roll dynamics of a sport utility vehicle (SUV) with a DYC controller using a three-
DOF yaw-roll model of the vehicle. The model was verified against the fourteen-DOF vehicle 
model in the Trucksim platform. The time-to-rollover (TTR) metric was used to detect the onset 
of a rollover and for activation of the DYC controller. The study showed that the braking force 
applied by DYC on the steered wheels, reduced the longitudinal velocity, yaw rate and the tire 
lateral force, which resulted in lower lateral acceleration. The rollover prevention DYC control 
was synthesized based on the lateral acceleration feedback and its effectiveness was 
demonstrated through both the simulator- and the test track results under a wide range of 
operating conditions. The proposed controller, however, could not effectively assure the rollover 
immunity under extreme maneuvers. Alternatively Hopkins et al. [35] proposed a DYC control 
together with an emergency roll control (ERC) system to achieve improved lateral and roll 
stability of a linear two-DOF yaw-plane vehicle model. The simulation results depicted that the 
DYC control could reduce the vehicle roll by limiting the lateral acceleration, while the ERC 
control could enhance the roll threshold limit of the vehicle.  
Although DYC control could yield definite handling performance gains particularly during 
high lateral acceleration maneuvers, a number of studies have also demonstrated its limited 
performance during different maneuvers. For instance, an emergency braking on a split-𝜇 surface 
condition may lead to low magnitude yaw rate due to asymmetric longitudinal forces developed 
at the steered wheels [1,5,36,37]. Furthermore, a vehicle equipped with DYC system may not be 
able to effectively reject the yaw moment generated by the wind force on a split-𝜇 surface 
depending on the directions of the moment due to disturbance caused by asymmetric wheel 
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forces. The DYC may also adversely affect the braking performance of the vehicle since it 
emphasizes the yaw stability over braking [5]. 
The reduction in the forward speed is perhaps the most important limitations of a DYC, 
which generates the desired moment through application of braking. Such a speed reduction 
would be highly undesirable during rapid path change or obstacle avoidance maneuvers [38]. 
Activation of the DYC is thus known to cause noticeable vehicle deceleration, noise and pedal 
pulsation, which are generally perceived as annoyance by the driver. The design of a DYC thus 
involves a trade-off between vehicle stability and driver comfort [5,39]. The DYC also 
accelerates tire wear due to frequent braking applications [6]. Furthermore, the DYC system can 
generate only limited corrective moment due to relatively smaller track width and actuation 
through selective braking. Alternatively, an active steering system can provide the required 
moment more effectively since the wheelbase is significantly larger than the track width [1]. 
It has been suggested that a vehicle equipped with a DYC system based on tracking of the 
side-slip angle could yield higher stability limits. The direct measurement of side-slip angles, 
however, is more complex. A number of studies have thus proposed slip angle estimation 
methods from directly measured responses of the vehicle such as yaw rate, longitudinal velocity 
and lateral acceleration [40,41]. Ryu et al. [42] also proposed a side-slip estimation scheme 
based on GPS and INS (inertial navigation system) measurements, which are considered to be 
expensive for implementation in production vehicles. The major contributions and conclusions of 
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1.2.2 Active front steering (AFS) system 
Active front steering systems (AFS) have been designed to vary steer angles in an active 
manner to realize a target directional response. The steer angles of both the inner and outer 
wheels are altered simultaneously, while maintaining nearly Ackerman geometry [43]. The 
concept of AFS was first explored by Kasselmann and Keranen [2] of Bendix as early as 1969. 
The proposed system was referred to as “Adaptive Steering” with objective to achieve improved 
vehicle stability under disturbances caused by wind gusts and rough road conditions. The control 
strategy was synthesized using the yaw rate responses compared to a desired model response in 
order to calculate the corrective steering angle. Both the computer simulations and road tests 
results suggested that proposed steering system could provide enhanced handling performance, 
while minimizing the driver corrective actions in presence of external disturbances. Despite the 
proven performance and the technical feasibility of the proposed adaptive steering, the 
implementations were realized only during the last decade, most likely due to the high cost. First 
implementation of the concept thus was reported as recently as 2003, when ZF Lenksysteme 
GmbH [44] developed and introduced AFS in the market.  
Accordingly, a number of studies have explored the effectiveness of the AFS under cross-
wind disturbances that strongly affect the directional stability and control performance of the 
vehicle [45-47]. Oraby et al. [45] studied the lateral stability of a three-DOF yaw-plane model of 
a car with the AFS system under side force disturbances when overtaking a truck. The study 
employed the optimal control theory based on the LQR method and concluded that the proposed 
AFS control system could not only augment the handling performance and stability of the 
vehicle by decreasing the lateral path deviation, but also could reduce the steering effort of the 
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driver. Accordingly, the steering assistance feature of the AFS has been extensively evaluated 
through simulation and experimental results [13,48-51]. Oraby et al. [52] compared the AFS 
performance with that of a four wheel steering (4WS) vehicle under random side wind 
disturbances during high speed straight line maneuvers. The results suggested that the AFS 
controller could significantly augment the lateral stability of the vehicle through considerable 
reduction in the side-slip angle compare to the 4WS vehicle. The frequency response of the 
steering wheel angle was further used to demonstrate the significant reduction in the steering 
effort by the driver. The proposed AFS system, however, resulted in higher roll motion of the 
vehicle due to the additional steering angle. 
Owing to strong dependence of the vehicle behavior on a large number of design and 
operating parameters, the robustness of the AFS control has been emphasized in a number of 
studies. The reported studies have investigated the AFS sensitivity to various certain or uncertain 
parameters such as speed, mass, CG location, tire cornering stiffness and tire-road adhesion. 
Tagawa et al. [51] proposed an active front steering system based on robust model matching 
(RMM) control algorithm to study the nonlinear dynamics of the vehicle generated by the tire 
forces. The study employed a very simple single-track bicycle model of the vehicle and two 
different controllers aimed at reference model tracking to realize the yaw rate frequency response 
and robustness compensator using a second order low-pass filter function. The effectiveness of 
the proposed controller was demonstrated during a lane change maneuver for a range of road 
surface friction and forward speeds. It was shown that the method could yield enhanced vehicle 
handling performance with reduced drivers’ steering effort. Ackerman [53] proposed an alternate 
approach in designing a robust active front steering control strategy by decoupling the lateral and 
14 
 
yaw motions of a simplified single-track vehicle model. Decoupling was achieved through 
negative yaw rate feedback, and it was concluded that the decoupling control technique could 
effectively reduce the influence of a yaw disturbance on both the yaw rate and the side-slip 
angle, which subsequently resulted in enhanced handling and stability of the vehicle. The 
concept was subsequently validated through road tests [54]. 
Alternatively, Fukao et al. [46] proposed an adaptive nonlinear control strategy to enhance 
robustness of the AFS system under different steering and driving conditions using a three-DOF 
nonlinear single track vehicle model. Model reference adaptive nonlinear control strategy was 
formulated so as to track a desired model consisting of linear integration of the yaw rate and the 
lateral acceleration. The stability of the proposed controller was assured through a Lyapunov 
candidate function. The simulation results revealed substantial yaw disturbance rejection 
originating from the side wind gusts or high speed turning on low friction surfaces. Zhang et al. 
[55] investigated the effects of the vehicle parameters’ variations on the handling performance of 
the AFS system using quantitative feedback theory (QFT) in the frequency domain. Unlike the 
aforementioned studies, a comprehensive vehicle model developed in ADAMS/Car platform was 
employed and combined with Matlab/Simulink for the purpose of control application. 
Uncertainty in the parameters and the robustness of the proposed controller synthesis was 
illustrated through a parameter sensitivity analysis. The results of aforementioned studies 
however revealed the performance limits of the AFS, where the steered wheels approached 
saturation. 
The analysis of safety of the AFS components has also been the focus of many studies. Chen 
et al. [49] designed an active steering system comprising two actuators: an AFS actuator 
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intended to achieve improved stability and handling performance of the vehicle and an electric 
power steering actuator (EPS) with purpose of providing the assisting torque. The AFS control 
strategy involved a feed-forward control to determine the front wheel angle according to the 
desired variable steer ratio (VSR) as a function of the speed, and a feedback control of the yaw 
rate and side-slip angle to achieve stable performance. The results obtained through hardware-in-
the-loop-simulations (HILS) suggested that the proposed AFS control could yield enhanced 
handling performance and stability of the vehicle during severe maneuvers such as lane change 
on a wet road and braking on a split-𝜇 road condition. The EPS system could help reduce the 
reaction steering torque and thus reduced driver effort. Reinelt et al. [50] investigated the safety 
dynamics of the open- and close-loop AFS system considering the dynamics of various 
subsystems such as the steering rack, electric motor, planetary gear system, steering column and 
the hand steering wheel. These studies, however, did not address the concerns related to 
saturation of inner wheel during an extreme maneuver when the control is realized by an AFS. 
Since the stability is of primary concern for the vehicles with high loads and high center of 
gravity, the applications of AFS have also explored for commercial vehicles. From the review of 
studies reporting the performance potentials of AFS applied to commercial vehicles, it is 
apparent that the AFS control strategy has been mostly explored with an objective to reduce the 
rollover hazard in an emergency maneuver [56-59]. Ackerman et al. [60], however, reported that 
although the AFS controller could enhance the vehicle rollover threshold, it may lead to a lateral 
instability during an evasive maneuver. An AFS system alone may thus provide enhanced 
vehicle rollover immunity at the expense of poor handling performance through relatively greater 
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path deviations. Integration of DYC together with active steering was thus proposed in order to 
limit the path deviations. 
Odenthal et al. [56] investigated the application of AFS system for rollover avoidance of a 
single-unit commercial vehicle. A controller synthesis comprising three feedback loops 
involving continuous steering control, emergency steering control and emergency braking 
control was analyzed considering a simple three-DOF constant velocity vehicle model. The first 
feedback controller generated the additional steering angle through the velocity gain scheduled 
feedback of roll rate and roll acceleration to improve the roll damping of the vehicle over a wide 
range of vehicle speed. The nonlinear emergency steering control was designed to correct the 
steering angle when the sprung mass lateral acceleration exceeded a predefined threshold value. 
This controller thus assigned the rollover avoidance priority over lane-keeping since a tripped 
vehicle would not be steerable during an emergency high-lateral acceleration maneuver. 
Integrating the emergency braking feedback controller, however, could help reduce the path 
deviation caused by the emergency steering control system. 
The directional response characteristics of tucks with AFS have also been reported in a few 
studies. Kharrazi et al. [61], in a recent study, investigated applications of active steering of the 
towed unit axles, dolly and semitrailer of a long combination vehicle (LCV) in view of the lateral 
dynamic performance of the vehicle combination. The main objective of the active steering 
controller was to reduce the time delay between the driver steering input and the lateral forces 
generating at the towed units particularly under high speed maneuvers. The desired steer angle of 
the towed unit axles was realized using a combination of the feed-forward and feedback 
controller, using a linear single-track model of a truck-dolly-semitrailer. The feed-forward 
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controller was designed to increase the response rate by compensating for the time lag as a 
function of the vehicle speed and the steering input frequency estimated from a reference model. 
The feedback controller was synthesized to minimize the error between the desired and actual 
yaw rate of the towed axles. The simulation results under a series of single and double-lane 
change maneuvers showed considerable damping of the yaw velocity, rearward amplification 
(RWA), lateral acceleration and off-tracking responses of the towed units when compared to 
those without the controller. 
In another study, Junjovich et al. [62] studied the handling responses of an articulated heavy 
vehicle incorporating active steering of the individual tri-axle trailer. The steering control 
strategy was developed to enhance path following of the rear trailer, where the path was defined 
by the fifth wheel coordinates, together with minimization of the trailer axle tire forces. The test 
track results revealed improved performance in terms of reduced entrance tail swing, trailer off-
tracking, peak lateral force, exit settling distance and tire scrubbing. 
McCann et al. [63] studied the application of an AFS system to an articulated tractor-
semitrailer combination with an objective to prevent jackknife instabilities during severe driving 
maneuvers considering the effects of driver’s perception to vehicle responses. Yu [64] 
investigated the yaw stability of a bus equipped with an AFS system, where the required steer 
angle was estimated through a PI controller synthesized to minimize the yaw rate tracking error. 
The validity of the proposed controller was demonstrated through experiments under different 
steering maneuvers on various road conditions. The results suggested the significant role of the 
AFS as an automatic driver-assistance system in enhancing the maneuverability and stability of 
the vehicle during high-speed maneuvers coupled with external disturbances such as side-wind 
18 
 
gust. The study also showed similar results from the PI controller and the 𝐻∞ loop shaping 
technique with vehicle operation on high friction coefficient surfaces, while the stability of both 
the controllers could not be ensured on low friction surfaces. Furthermore the AFS has been 
considered as an effective safety option in articulated steering vehicles used in the construction 
and forestry sectors such as scrapers, loaders and forestry skidders [65]. 
The reported studies invariably suggest that an AFS system can assist the driver in realizing 
desired vehicle handling effort by introducing a corrective steering angle and thereby a moment 
to suppress the yaw instability that may be caused by disturbances, such as variation in tire-road 
friction and side wind gust. The effectiveness of an AFS system under high lateral acceleration 
maneuvers leading to potential tire force saturation, however, is evident only when it is coupled 
with a DYC system. The vast majority of the studies neglect to examine the inherent potential for 
inner wheel to approach saturation when control is realized by AFS alone during an extreme 
maneuver. Table 1.2 summarizes the key reported studies in AFS system together with the 
control logic, vehicle model and the important findings. 
1.2.3 Four wheel steering (4WS) system 
Considerable efforts have been also made towards four wheel steering (4WS) or active rear 
steering (ARS) systems [66-68]. The 4WS was the first generation of chassis control systems 
developed for enhancing the dynamic performance of vehicles. Sano et al. [69] employed a 
three-DOF nonlinear vehicle model to evaluate dynamic responses of a speed-dependent 4WS 
vehicle. The rear wheels angle was actively controlled with opposite steering of the front wheels 
for realizing improved maneuvering of the vehicle at low speeds. Both the front and rear wheels 
were steered in the same direction at higher speeds for realizing enhanced lateral stability.  
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Table 1.2: Summary of reported studies on AFS controller for enhancing the dynamic responses 
of road vehicles. 






Tagawa et al. 
(1996) 
2-DOF  yaw rate 
robust model 
matching 
Firstly investigated AFS 
system; and designed robust 
system to variation of road-
tire friction coefficient and 
vehicle forward speed. 
Ackerman 
(1997) 
2-DOF yaw rate 
feedback of 
integrated yaw 
rate to front wheel 
steering 
Robust controller with 
decoupled lateral and yaw 
motions; and improved yaw 
rate disturbance generated by 
braking on split-𝜇 road 
surface.  
Odenthal et al. 
(1999) 
3-DOF 





Attenuated rollover hazard 
and improved lateral stability. 
Fukao et al. 
(2001) 
3-DOF 








Reduced yaw disturbance 
originating from the side wind 
gusts and high speed turning 
on low friction road surfaces. 









instabilities of articulated 
tractor-semitrailer. 







Reduced side wind force 
excitation and driver effort. 
Yu 
(2007) 
3-DOF yaw rate 
PI/sliding mode 
controller 
Improved yaw stability of a 
bus in existence of the 
external disturbances. 










Robust controller with respect 
to speed, mass, CG location, 
tires cornering stiffness and 
tire-road adhesion. 
Chen et al. 
(2008) 
2-DOF 







Safety analysis of the AFS 
components; and design of 
variable steer ratio (VSR) 
based on vehicle velocity. 










Improved directional and roll 
stability of the long 
combination vehicle with 
towed unit axles. 
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Shibahata et al. [66] investigated the handling performance of a similar 4WS vehicle under 
different maneuvers through simulations and experiments. In experimental vehicle, the rear 
suspension was modified to adopt the rear steering mechanism. The study concluded that it was 
necessary to familiarize the driver with the opposite-phase rear wheel steering response at low 
speeds since the rear end of the vehicle could considerably project outward. It was further shown 
that the 4WS could provide improved stability at higher speeds by reducing the side-slip angle, 
while the yaw rate response gain of the 4WS vehicle would be lower compared to the 
conventional front steering vehicle. Subsequently, it was suggested to utilize independent 
controllers for low-speed and high-speed driving conditions. 
In the aforementioned studies, the 4WS controller was synthesized to steer the rear wheels in 
proportion to the front wheels. This proportional gain was obtained as a function of the vehicle 
speed and ensured close to the neutral steer condition. Although this control strategy could 
provide improved handling performance, it may lead to a directional instability under high-
lateral acceleration maneuvers on low-friction surfaces, primary due to lack of consideration of 
the side-slip angle in the controller design. A number of subsequent studies thus suggested the 
integration of the yaw rate and side-slip angle control [68] or combination of front wheel steer 
angle and yaw rate control [22,70] in order to improve the stability limits under severe 
maneuvers. 
Owing to the presence of uncertain or perturbed vehicle parameters the robustness of the 
4WS controllers has also been emphasized in a few studies. For example, Hirano [68] studied the 
robustness of an active rear steering (ARS) system with respect to variations in the road 
condition and vehicle speed. A reference model-following controller was synthesized based on 
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the yaw rate and the side-slip angle responses of the vehicle, and the frequency-dependent 
feedback gains were evaluated using the 𝜇-synthesis control method. The study also proposed a 
velocity-dependent observer for estimating the required control parameters and to attenuate the 
sensors’ noise. The results suggested greater robustness of the proposed ARS control under 
different driving conditions. 
Lee et al. [70] proposed an energy efficient 4-wheel independent steering (4WIS) system to 
improve the high-speed cornering stability limits of the vehicle with independently steered right- 
and left- rear wheels. Considering that the vehicle response is more strongly affected by the outer 
wheels with higher normal load compared to the inner wheels, the proposed 4WIS control 
actuator was designed to steer the rear outside wheel while the rear inside wheel was kept in 
neutral position. Simulation results obtained under high-speed J-turn and double lane-change 
maneuvers, suggested that the proposed 4WIS could provide handling performance similar to the 
4WS system. The 4WIS system however, provided rapid actuation with lower power 
requirement compared to the conventional 4WS systems.  
The implementation of 4WS in heavy commercial is considered to be impractical due to 
high energy demand for steering of dual rear wheels with high inertia [64]. Such systems, 
however, have been applied to farm trucks and intercity buses, which may require high 
maneuverability within limited spaces [64]. The studies reporting the performance characteristics 





Table 1.3: Summary of reported studies on 4WS controller for enhancing the dynamic responses 
of road vehicles. 






Sano et al. 
(1986) 
3-DOF vehicle speed 
proportional gain 
controller 
Firstly introduced 4WS 
system with active steering 
of the rear wheels 
proportional to front wheels 
based on the vehicle speed. 
Shibahata et al. 
(1986) 
2-DOF 




lateral and yaw 
rate transfer 
functions 
Practical limitation analysis 











4WS analysis with respect to 
road condition and vehicle 
speed variation. 








the front steer 




Proposed new 4WIS system 
to improve both control 
responsiveness and power 
consumption of the 
actuators. 
 
1.2.4 Integrated chassis control systems 
It has been widely suggested that DYC control coupled with either 4WS or AFS could yield 
near optimal handling as well as enhanced directional stability performance of road vehicles. 
Coordinated control of various chassis control systems has thus been emphasized to achieve 
safety performance beyond the limits of the individual systems. The chassis control system of 
Mercedes F400-Carving is one example of the advanced integrated control for achieving 
enhanced directional stability and driving comfort with a combination of 4WS and DYC systems 
[71]. Several coordinated control methodologies are continuing to evolve for integrating chassis 
center systems to achieve optimal or near optimal vehicle performance. 
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Selby et al. [9] investigated a coordinate approach for AFS and controllers coupled with a 
four-DOF vehicle model with longitudinal and lateral motions. The AFS controller was 
synthesized to improve the lateral dynamics of the vehicle under low to mid-levels of lateral 
acceleration maneuvers and to reduce the undesired effects of DYC such as speed reduction and 
shortening the tire life. The DYC system based on a simple proportional controller was 
integrated to achieve high lateral stability under high acceleration maneuvers. The study 
suggested that it would be essential to limit the rate of the yaw moment at the instant of 
switching between the controllers to ensure vehicle stability. The results showed that optimal 
actions of each controller under specific operating conditions could lead to enhanced handling 
and stability limits of the vehicle. 
A number of control algorithms have been proposed for coordinated control of AFS/4WS 
and DYC systems by tracking the yaw rate and side-slip angle responses of a reference vehicle 
model. These include the fuzzy controller [72,73], 𝐻∞control method [74,75], optimal LQR 
method [76,77], sliding mode control [38,78], gain-scheduled control [79,80], model-matching 
control [81,82] and model predictive control (MPC) methods [83,84]. These studies have 
generally focused on distribution of forces among the tires to attain nearly optimal directional 
responses of the vehicle. 
In a recent study, Nagai [81], investigated the performance of an integrated AFS and DYC 
system during a combined steering and braking maneuver, where the required yaw moment was 
generated through an optimal distribution of the longitudinal and lateral force among the tires. 
The model-matching control structure was formulated to track the desired yaw rate and side-slip 
angle by applying a corrective steering angle and additional yaw moment through the braking 
24 
 
system. A feedforward compensator was used to realize the corrective steer angle, together with 
a feedback compensator to minimize the tracking errors. The results revealed robust responses 
under slippery road conditions and severe braking-in-turn maneuver, in addition to external 
disturbance rejection. The study, however, employed both AFS and DYC systems 
simultaneously, while the limitations of the individual control systems were not considered. 
Different supervisory control approaches have also been explored for allocating the control 
needs to the steering and brake-base control systems [5,9,85]. Bedner et al. [5] employed a 
supervisory control structure, consisting of a reference model, a state estimator and a feedback 
control to achieve the optimal performance of an integrated 4WS system with the brake-based 
DYC system. In contrast to the controller proposed by Nagai [81], which employed feedback 
from both the steer angle and yaw moment, the yaw moment served as a common feedback for 
both the systems to prevent the probable conflict between the steering and braking controllers. It 
was further suggested that the yaw moment generated by each controller should be in the same 
direction with defined magnitude and phase relationship. In the study, the corrective yaw 
moment was developed considering limitations and capabilities of the individual system, and 
variations in temperature and voltage. The experimental results revealed that the 4WS was 
relatively less intrusive to driver commands compared to the DYC system. Furthermore, the 
steering-based control could greatly affect the system bandwidth with changes in the temperature 
and operating voltage. The results also suggested significant improvements in terms of vehicle 
stability, driver comfort and longitudinal dynamics, which could be achieved by relatively less 
brake actuation while giving priority to the 4WS activation. 
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In another recent study, Yim et al. [38] investigated an integrated AFS and DYC system 
considering the physical limitation of the tires and the steering mechanism such as maximum 
steer angle. An optimization problem was formulated to calculate the yaw moment distribution 
between the AFS and DYC, which was solved using Karush-Kuhn-Tucker (KKT) optimality 
condition subject to limit constraint on the AFS steer angle. The proposed integrated controller 
imposed greater braking force by DYC to compensate for the limited yaw moment by the 
constrained AFS. A relatively larger reduction in vehicle speed was thus obtained compared to 
the integrated controller without the steering limits. 
A number of studies have also studied the coordinated controller robustness in the presence 
of unmodeled dynamics, parameter perturbation and external disturbances. Yang et al. [77] 
investigated the robustness of an integrated AFS and DYC control based on the optimal 
guaranteed cost theory. In contrast to the conventional LQR controller, the model incorporated 
the time-varying uncertainties of the system parameters such as variations in the tire forces with 
varying road surface friction. The simulation results revealed superior performance of the 
proposed controller in stabilizing the vehicle during high-speed lane-change maneuvers on an icy 
road. The proposed controller, however, involved considerable greater control effort compared 
with the conventional LQR controller, which may lead to actuator saturation. 
Wang et al. [86] studied the performance of a vehicle with a combination of 4WS and DYC 
control under an evasive maneuver, where the tires approach the nonlinear zone. An adaptive 
controller was proposed considering variations in the road conditions using a parameter 
identification method. The study linearized the vehicle model, while the variations in the 
parameters, mainly the tire-road friction, were continuously monitored. Similar to the earlier 
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reported studies [5,9], the 4WS control system was employed when the tire lateral force was in 
linear region, while the DYC system was activated only when the tire force approached the 
saturation zone. The simulation results revealed enhanced vehicle and reduced driver steering 
effort with controller adapting to varying driving conditions. In another recent study, Ding et al. 
[7] synthesized an adaptive control algorithm for integrated AFS and DYC using direct 
Lyaponuv method. The adaptive controller considered variations in the tire cornering stiffness to 
ensure robustness of the controller. A single-point preview driver model was also used with the 
integrated AFS and DYC control systems to study vehicle responses to steering inputs in a 
closed-loop manner. Simulation results suggested the effectiveness of the proposed controller in 
enhancing the stability during evasive maneuvers on a low friction road surface. 
A few studies have also investigated the coordination of the individual chassis control 
systems in commercial vehicles [78,87], where the roll stability needs to be prioritized since it 
mostly occurs earlier than a lateral instability. Zhao et al. [78], applied the AFS control together 
with a DYC control to realize improved yaw response and lateral stability of a truck-trailer 
combination. The AFS control was prioritized for generating the required yaw moment 
considering lateral force saturation of the tires. A mapping function was proposed to calculate 
the desired tire slip angle and subsequently the required steer angle as a function of the 
instantaneous normal load. The simulation results obtained, under high-speed lane change 
maneuvers, showed greater effectiveness of the combined AFS and DYC control in limiting the 
trailer lateral swing and enhancing the jackknife stability limit of the combination. Furthermore, 
the AFS could effectively eliminate the undesired reduction in the vehicle speed caused by the 
27 
 
DYC system. The generation of the required yaw moment during low to medium acceleration 
level was limited only to the AFS control. 
Studies reporting either individual or integrated AFS and DYC system generally suggest that 
DYC is vital for enhancing the vehicle handling stability during emergency-type evasive or high-
speed lane change maneuvers. In such emergency-type steering maneuvers, the contributions of 
steering corrections to the yaw moment are small due to the resulting large tire slip angles. The 
effectiveness of a DYC system tends to diminish in some driving situations such as emergency 
braking on a split-𝜇 road surface. In the absence of the AFS, the conventional ABS employed in 
the DYC control will not allow the tires on the high-𝜇 side to generate maximum braking forces. 
As a result, the available tire-road adhesion is not effectively utilized to minimize the vehicle 
stopping distance. The AFS, on the other hand, could introduce additional steering of the wheels 
to supplement the yaw moment and maximize the braking forces. Table 1.4 summarizes the 
relative merits and limits of the AFS, DYC and integrated AFS/DYC systems. 
The developments and implementations of the integrated AFS and DYC control system pose 
substantial challenges associated with accurate estimations of the vehicle state. Some of the 
vehicle states could be measured directly using relatively low cost sensors such as the wheel 
speed sensor, accelerometers, engine speed sensor and yaw rate gyroscope. Considerable 
challenges, however, continue to exist for accurate estimates or measurements of the tire 





Table 1.4: Relative merits and limitations of the AFS, DYC, and integrated AFS and DYC 
systems. 
Active Control Systems AFS DYC AFS+DYC 
Emergency braking on a split-𝜇 condition 
Rapid lane-change maneuver 
Side-wind gust 
Driver’s comfort/sensation 
Yaw moment magnitude 
Hardware requirements 
Tire saturation limitation 


























1.2.5 Vehicle handling models 
The reported studies of active chassis control systems have employed widely different 
vehicle models ranging from a linear 2-DOF bicycle model to comprehensive models in the 
CarSim or ADAMS platforms. The majority of the studies have employed simple vehicle models 
to evaluate relative performance potentials of different controls. The linear 2-DOF single-track 
model of the vehicle has been most widely employed to realize the controller synthesis based on 
the lateral and yaw velocity states [90-92]. This simple model also permits reasonably good 
understanding of the vehicle handling properties. The difference between the outer and the inner 
wheel angles, however, is neglected in the single-track model. Moreover, this model does not 
permit the analysis of the contributions due to variations in many vehicle parameters such as 
vehicle track, vehicle roll and lateral load shift during handling maneuvers. The single-track 
model also does not permit the yaw moment generation through distributed brake pressures 
applied to the left- and right-wheels [93,94]. Alternatively, a few studies have employed a 3-
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DOF four–wheel yaw-plane model including the longitudinal, lateral and yaw motions of the 
vehicle [95-97].  
Thorough and reliable analysis of AFS and DYC, however, requires a more comprehensive 
vehicle model to accurately describe the tire force distributions and saturation. A number of 
studies have employed an eight-DOF vehicle model to describe vehicle motions along the 
longitudinal, lateral, yaw and roll directions as well as each wheel rotational motion considering 
nonlinear tire forces [6,76,77,81,98,99]. Analyses of the active chassis control systems under 
maneuvers involving combinations of steering and severe braking or acceleration further require 
an adequate suspension model and thereby additional vertical DOF of the sprung and unsprung 
masses apart from the body pitch. The majority of the studies, however, assume negligible 
effects of variations in roll axis inclination, tire inclination, self-alignment moment and roll steer 
compliance which can lead to additional steering angle. Some of the recent studies have 
employed more comprehensive vehicle models available in the Car/TruckSim and ADAMS, 
which describe the component characteristics more accurately [32,34,55,100]. 
For analysis of active chassis control systems, it is important to utilize a proven tire model 
since the controllers are invariably designed to control the forces developed by the tires. Earlier 
studies had generally used linear tire models and thus could not be considered valid under severe 
directional maneuvers that may cause tire saturation. It is recognized that the tire model should 
be sufficiently simple to permit on-board efficient computing but it must describe the essential 
features such as tire force saturation and effects of vertical and traction/braking forces accurately.  
A number of well-known theoretical tire models, namely, “Brush tire model” [93] and 
“Dugoff tire model” [101] as well as empirical tire model such as “Magic Formula” [102] have 
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evolved for applications in vehicle models. Many studies reporting handling potential of AFS 
have used the nonlinear Dugoff tire model [49,72]. The vast majority of the studies [76,102-104], 
however, employed the widely-proven Magic Formula tire model developed by Pacejka and 
Bakker [102]. This model is known to provide reasonably accurate predictions of tire forces and 
moment over a wide range of operating conditions including large tire slip angle and longitudinal 
slip ratios. Ding et al. [7] proposed an alternative combined-slip tire model, which estimates the 
pure lateral and longitudinal forces using the Magic formula and the Dugoff model, respectively. 
The combined-slip vector, which is a function of both the tire slip angle and longitudinal slip 
ratio, is used to determine tire forces under combined steering and braking. It was also suggested 
that the lateral force developed by different tire models such as Magic formula, Dugoff and 
“Rational Function” models is different specifically at sever handling maneuver, where the tire 
slip angle is relatively large as shown in Fig. 1.1. 
 
Figure 1.1: Cornering force of tires predicted from different tire models [7]. 
1.3   Active Front Steering Mechanism 
The hardware requirements of a DYC system are relatively simple since it relies on 
differential braking or brake pressure modulations. Implementations of AFS, RWS and 4WS 
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controls, however, require design of reliable steering mechanisms and actuators. Considerable 
efforts have thus been directed towards design of steering mechanisms and actuators that can be 
used to apply corrective steer angles as per the active control strategies. The steering 
mechanisms developed for implementations of the AFS controls could be grouped in two 
categories: steer-by-wire (SBW) and mechanical active steering mechanism (Fig. 1.2). In view of 
the present dissertation research on active steering, a brief review of the reported designs for 
AFS systems are presented in the following. 
 
Figure 1.2: Designs of steering mechanisms for implementations of AFS control: (a) a steer-by-
wire (SBW); and (b) a mechanical planetary gear system [44].  
1.3.1 Steer-by-Wire (SBW) technology for active front steering system 
With developments in digital control theory and hardware, as well as compact electric 
drives, a number of revolutionary designs in light-weight and compact steering systems have 
been reported. The concepts in steer-by-wire (SBW) evolved from the “Fly-by-Wire” 
technologies in the aircraft sector [105]. The SWB systems are designed to achieve improved 
vehicle handling by active control while reduce the driver effort [106]. In the steer-by-wire 
design, mechanical steering mechanism is replaced by a control unit consisting of actuators, 
sensors and a controller as shown in Fig. 1.3. The SBW system as shown is divided into the 
steering wheel motor control and the front wheel motor control. The purpose of the steering 
32 
 
wheel motor is to generate the reactive torque on the steering wheel that reflects the road force. It 
generally allows lower steering wheel effort at low speeds and increases the effort required at 
high speeds to improve the driver steering feel. The signals obtaining from the steering angle 
sensor and a torque sensor are transmitted to the electronic control unit (ECU) in order to 
calculate the reactive torque in the steering wheel. The purpose of the front wheel motor control 
is to steer the front road wheels so as to improve vehicle maneuverability and stability. The ECU 
determines the front wheel motor and subsequently the road wheels positions based on the 
signals receive from the steering angle sensor, accelerometer or yaw rate gyroscope [107-110]. 
 
Figure 1.3: Steer-by-wire components in an AFS system [107]. 
Despite the potential for flexible steering control applications including independent control, 
the safety of the SBW has always been a concern for implementation in road vehicles [111,112]. 
Feick et al. [112] investigated the effects of possible faults in the SBW system such as sensor-, 
actuator- and computer-faults. The results suggested that in order to safely implement a SBW in 
road vehicles, the designed system should be insensitive to at least one fault in each subsystem 
components simultaneously. Although the absence of the steering column in such system can 
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isolate the driver from the road vibrations, the loss of the driver’s steering feel is an important 
concern. In order to provide sense of the road irregularities to the driver, it is suggested that the 
reaction torque produced by the steering wheel motor be realized by feedback of either the 
steering wheel angle signal [12] or the external force applied to the rack from the road [110]. 
Steering wheel angle feedback method, however, does not provide a driver with real feel of the 
tire and road conditions [12,110,113].  
It may therefore be concluded that although SBW could provide significant potential for a 
controlled system such as AIFS, it has not yet been considered as a failed-safe system for road 
vehicles unless it is integrated with a mechanical backup system. Furthermore, it is considered as 
an expensive and complex system which requires many redundant elements in order to assure the 
safety of the vehicle.  
1.3.2 Mechanical Mechanisms for AFS 
Although, a vast majority of active steering systems presented in literature is based on the 
steer-by-wire, the systems using this technology cannot be considered reliable for application to 
road vehicles [111]. Review of literature indicates that the first mechanical AFS system was 
introduced as an option in BMW 5 series [114] with ZF Lenksysteme GmbH [44]. This steering 
system enabled automatic steering interventions without loss of the mechanical connection 
between the steering wheel and road wheels [13]. The mechanism was designed to enhance the 
maneuverability of the vehicle by realizing a variable steer ratio (VSR)/variable gear ratio 
(VGR) based on the vehicle speed [13,115]. For example, at low speeds such as parking, the 
steering angle is often large, thus for avoiding a large effort of steering by driver and increasing 
the vehicle agility, it would be helpful if a low steering ratio is used. Similarly, at high speeds 
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when stability and safety are important factors, a high steering ratio would be appropriate. The 
variation of steering gear ratio with speed adapted for Honda S2000 in comparison to convention 
system is shown in Fig. 1.4 [71].  
 
Figure 1.4: Honda S2000 speed-dependent steering ratio [71]. 
There are few mechanical mechanisms with variable gear ratio (VGR) which have been 
applied in the AFS systems such as: bi-planetary or planetary gear, differential planetary gear 
and harmonic drive mechanisms [116]. Fig. 1.5 shows these mechanical VGR mechanisms 
where the additional input to the steer angle is realized by introducing the second input to the 
system. Each system in this figure is briefly explained in the following sections. 
 
                        (a)                                            (b)                                              (c) 
Figure 1.5: Mechanical active steering mechanisms with variable gear ratio actuators: (a) a 




Planetary gear system 
The well-known planetary gear system with two-DOF as shown in Fig. 1.5(a) consists of a 
sun gear, a set of planet gears, a ring or an annulus and a planet carrier. This system is able to 
produce varying gear ratio depending on which gears are used for the multiple inputs, which gear 
as the output and which one is kept fixed. For example, assuming that the sun and the ring are 
the two independent input variables one from the driver and the other from the control motor, the 
output to the wheel angle can be provided by the angular motion of the carrier. The resulting 
planet carrier velocity due to two independent inputs from the sun gear and the controlled 





where 𝜔𝑐, 𝜔𝑠 and 𝜔𝑎 are the angular velocities of the planet carrier, sun and annulus, 
respectively, while 𝑍𝑠 and 𝑍𝑎 refer to sizes of the sun and the annulus gears, respectively. The 
kinematic syntheses of the steering mechanism consisting planetary gear systems with potentials 
for application to AIFS concept are described in details in the Appendix A.  
The ZF active steering system of BMW shown in Fig. 1.6 uses the concept of planetary gear 
superposition to provide active control of the steering ratio. This system utilizes conventional 
rack-and-pinion steering, while a bi-planetary gear set with additional input provided by an 
electric motor based on vehicle speed along with the driver input generates the overall gear ratio 
for the steering system. As shown in the figure, the system is also equipped with an 
electromagnetic locking unit that locks the motor when alteration of steering ratio is not required 
or there is an error in the system. In case of an error, the locked motor prevents any additional 
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input beside the driver’s command making the system a conventional one with a constant steer 
ratio and always remains fully steerable [44]. This fail-safe mechanism for VSR is extended in 
[117] by incorporating a pair of planetary gear systems in an innovative manner that can be 
utilized for realizing the concept of AIFS investigated in this dissertation. 
 
Figure 1.6: A bi-planetary gear with the locking unit in the BMW active steering system [44].  
Differential gear system 
Similar to planetary gear mechanism, the differential system mechanism used for vehicle 
drive train has also been used for angle superposition of the active steering system [118,119]. A 
differential gear system basically consists of three connected shafts: one as the input drive which 
is divided into two useable outputs as shown in Fig. 1.7. The differential mechanism could easily 
be adapted for the active steering application by allowing two inputs and one output. Figure 1.7 
presents a small size vehicle differential gear system used to integrate two inputs, driver steering 
angle and electric motor steering command, with the single output which was fed into the 
steering system. While it is suggested to coaxially position the driver’s input and the steering 
output of the differential, it is also important to choose an appropriate input and output shafts 




Figure 1.7: A differential gear system used for angle superposition of the active steering system 
[118]. 
Harmonic drive actuator 
Harmonic drive system or strain wave gearing has been successfully used in robotics and 
aerospace industry. Every harmonic drive mechanism consists of three main parts as illustrated 
in Fig. 1.5(c): wave generator, flexible gear and a rigid circular gear. The generator and the flex 
gear both are positioned inside the rigid circular gear which has internal teeth. When the ellipse-
shaped generator is rotated, the flex gear adopts the shape of the rotating generator. The flex 
gear, with outside positioned teeth, is thus coupled with the circular gear along the major axis of 
the generator ellipse. In design of the harmonic drive parts, the flex gear is designed with less 
teeth than the circular gear. This mechanism is capable of achieving up to 320:1 output/input 
torque ratio. The various combinations of the main elements of a harmonic drive system could 
provide different functionality. [120].  
In 2009, Audi employed the harmonic drive technology as a new active steering system 
called “Dynamic Steering”[14]. Its functionality is similar to a planetary gear mechanism but in a 
smaller and much lighter package. In this active steering system, the electric motor turns the 
wave generator while the flexible gear is connected to the steering input shaft. At the vertical 
axes of the ellipse-shaped generator, the flexible gear is meshed with inside teeth of the circular 
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gear which acts on the steering output shaft. The superposition of the generator and the flexible 
gear movement thus could effectively alter the steering ratio.  
Based on the review of the literature on the available active steering mechanisms, it may be 
concluded that while the SBW technology has greatest flexibilities in structure design and 
application potentials for the AIFS system, it has not yet been considered as a failed-safe system 
to be employed in the road vehicles without any mechanical backup systems [112]. Some of 
positive and negative aspects of SBW in comparison to those of mechanical steering systems 
discussed are summarized in Table 1.5. 
Since a feasible system for active steering in vehicle application must be fail-safe, one of the 
mechanical systems discussed must be extended to design a mechanism capable of generating 
independent control of the steered wheels required in an AIFS system. Among all the mechanical 
systems reviewed and discussed in this section, the most readily applicable system for the 
concept of AIFS is the mechanism based on tandem planetary gears presented in [117].  
Table 1.5: Comparison of application of SBW and mechanical steering system. 
Features SBW Mechanical steering system 
Structure design flexibility good Poor 
NVH isolation good poor 
Frontal crash safety good poor 
Accurate response time good good 
Steering ratio flexibility good good 
Cost of the system’s parts poor good 
Driver road feeling poor good 




1.4  Scope and Objectives 
From the review of reported studies, it is evident that both AFS and DYC chassis control 
systems yield enhanced handling performance of the road vehicles together with driver comfort. 
The AFS systems, in particular, are most beneficial in improving safety dynamics of the road 
vehicles. The AFS, however, yields limited benefits under more severe directional maneuvers 
involving high lateral accelerations. The performance of AFS is limited particularly for 
commercial vehicles, which encounter high magnitude lateral load transfers, where the tires may 
approach situation. The limitation of AFS is further aggravated in situations requiring emergency 
braking, the wheels provide very little adhesion reserve to achieve desired braking distance under 
higher steering maneuvers. 
The aforementioned limitations of current AFS designs could be circumvented by 
integrating a DYC system with the AFS. The DYC system provides the additional moment 
through selective braking and thereby could enhance the vehicle handling and stability, mainly 
during the high lateral acceleration emergency-type of maneuvers. The DYC control, however, 
exhibits its own drawbacks and has adverse effects on vehicle stability during braking on a split-
𝜇 road condition, tire life and undesired reduction in the vehicle speed, which is not perceived 
very well by the drivers during rapid path change maneuvers. Combined AFS and DYC control 
systems, however, have been recommended as an alternative solution to the AFS limitations. The 
integration of AFS and DYC systems, and their control aims to address a wider range of 
operations, which could overcome most of the dynamic compromises. The integrated AFS and 
DYC control, however, would result in a significantly complex control system along with 
estimation and tracking of various parameters. A stand-alone AIFS system offers attractive 
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potential to overcome the limitations of the AFS without the additional DYC control. The 
primary objective of this dissertation research is thus formulated to investigate the concept of an 
AIFS for realizing not only the enhanced handling performance during high-g maneuvers but 
also to ensure sufficient adhesion reserve to permit braking during such maneuvers by operating 
the tires away from the saturation zone. 
The specific objectives of this dissertation research are as follows: 
1. Formulate an appropriate handling dynamic model of a road vehicle comprising right- and 
left- wheels with independent steering angles and a nonlinear tire model for predicting tire 
forces under severe maneuvers, and possible impending cornering force saturation as well as 
the interaction between the longitudinal and the lateral forces in combined braking and 
steering maneuvers. 
2.  Develop a handling model of a high center of mass cargo truck to simulate vehicle behavior 
under high magnitude lateral load shift such as that encountered in a partly-filled tank truck. 
3. Determine the tire force saturation limits using a performance parameter in terms of the “tire 
work-load” in order to identify the steering limits of the saturated wheel and adhesion reserve 
for each steered tire. 
4. Synthesize a controller design for the proposed AIFS concept to track the steering response 
of an idealized reference model in conjunction with dynamic characteristics of the steering 
actuator considering the tire saturation limits and investigate the robustness of the controller 
to model parameter perturbations and external disturbances. 
5. Investigate the performance potential of the proposed AIFS control in terms of variable 
handling and directional control measures under a wide range of steering maneuvers such as 
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J-turn, path change, obstacle avoidance and braking-in-turn maneuvers on uniform as well as 
split-𝜇 road conditions. 
6. Compare the performance characteristics of AIFS with those of the conventional AFS and to 
highlight the performance benefits of the AIFS. 
7. Review the designs of different steering mechanisms to achieve independent steering of the 
inner and outer wheels. 
1.5  Organization of the Dissertation 
This dissertation research has been written according to the manuscript-based format 
described in “Thesis Preparation and Thesis Examination Regulation” booklet of the School of 
graduate Studies of Concordia University. This dissertation is organized in 6 chapters including 
the review of the relevant literature (chapter 1). Chapter 2 to 5 presents the articles that have 
been either published or submitted for publication in the journals. The major contributions and 
conclusions of the study are summarized in chapter 6 together with recommendations for 
additional further studies. 
Chapter 2 presents the following article: 
Farazandeh, A., Ahmed, A., and Rakheja, S., “Performance Enhancement of Road Vehicles 
Using Active Independent Front Steering (AIFS),” SAE International Journal of Passenger 
Cars- Mechanical Systems, 5, 1273-1284, 2012. 
This paper presents the concept of AIFS together with its preliminary analysis when applied 
to passenger cars. A yaw-plane model of a road vehicle was formulated considering independent 
steering of the right- and the left-wheels including the longitudinal, lateral and yaw motions of 
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the vehicle, nonlinear cornering properties of the tires, and the load shift along the longitudinal 
and lateral axes. A simple PI controller was synthesized to provide a corrective steering action to 
achieve a target yaw rate response corresponding to a neutral-steer vehicle. The gains for the 
controller in this case were established by trial and error. The resulting corrective action was 
distributed over the inner and outer-wheels with manually-tuned distribution gains based on the 
saturation limits of the tires. Unity values of gains were chosen for low speed cornering 
maneuvers, where the steer angle was modified by the AIFS strategy, while maintaining pro-
Ackerman geometry similar to an AFS system. Simulation results were obtained for pure 
cornering maneuvers in the absence of braking or acceleration. The handling performance 
characteristics of the vehicle model integrating the AIFS controller were investigated considering 
three different cases of operating conditions: high-friction steady-turning maneuver idealized by 
a ramp-step steer input, J-turn maneuver, a lane-change type of steer input idealized by a 
sinusoidal input, and a steady-turning input on a split-friction road surface. The resulting 
responses of the model were also compared with those obtained with the AFS controller and the 
reference model. The results of the sensitivity analysis suggested greater effectiveness of the 
AIFS control compared to the AFS control for high center of gravity (CG) vehicles under high-
speed turning maneuvers. In this preliminary study, the tire forces were limited to pre-saturation 
levels in order to compare the performance characteristics of the AIFS with that of the AFS.  
One of the major challenges in realizing the concept of AIFS would be a fail-safe 
mechanism design for independent steering control. A design concept of a mechanical fail-safe 
steering mechanism based on two sets of planetary gear system that can be readily adapted for 
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the implementation of AIFS is also presented in this paper. The first prototype of the mechanism 
built to examine the functionality of the mechanism is presented in Appendix B.  
Chapter 3 presents the following article: 
Farazandeh, A., Ahmed, A. and Rakheja, S., “Performance Analysis of Active Independent Front 
Steering (AIFS) for Commercial Vehicles with Greater Lateral Load Shift Propensity,” SAE 
International Journal of Commercial Vehicles, 6, 288-300, 2013. 
Based on the results achieved in the first article and sensitivity analysis with respect to the 
CG height of the vehicle, this paper emphasizes the performance characteristics of an AIFS for 
applications in commercial vehicles with high CG and lateral load transfers. For this purpose, a 
two-axle tank truck was considered as the candidate vehicle. A nonlinear yaw-plane model of the 
tank truck integrating roll dynamics of the sprung mass was developed to study the directional 
performance potential of the AIFS. In addition, the load shift associated with liquid cargo motion 
in the roll plane of a cylindrical tank was evaluated using the quasi-static approach and 
incorporated in the vehicle model in terms of resultant lateral force and roll moment attributed to 
quasi-static cargo shift. The AIFS control strategy based on a yaw rate reference model was 
modified considering delays associated with the tire lag and steering response of the truck. A 
performance parameter in terms of the “tire work-load” was thus defined in order to limit the 
steering of the inner wheel with relatively lower normal load, prior to approaching the saturation 
zone. A limiting value of the inner tire work-load was subsequently identified on the basis of the 
normalized cornering stiffness of the tire. For a given normal load on a tire, the normalized 
cornering stiffness was referred to as “instantaneous saturated slip angle” of the inner tire, which 
was used to obtain the limiting value of the steer angle. This approach permits independent 
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control of each wheel so as to enhance handling performance limit through maximum utilization 
of the available tire-road adhesion prior to approaching the saturation limit. For heavy vehicles, 
the controller in chapter 2 was extended by incorporating a first-order time lag function to 
compensate for high inertia and lag in tire response. Simulation results were obtained for both 
the full and partial load conditions of the truck under a steady-turning maneuver at different 
forward speeds to demonstrate the effectiveness of the AIFS system for applications in rigid as 
well as partly-filled liquid cargo trucks.  
Chapter 4 presents the following article: 
Azadeh Farazandeh, A.K.W. Ahmed and S. Rakheja, “An independently controllable active 
steering system for maximizing handling performance limits of road vehicles,” Proceedings of 
the IMechE, Part D: Journal of Automobile Engineering. (Accepted for publication in October 
2014) 
Results achieved through previous two articles suggested the effectiveness of the proposed 
AIFS system for vehicles with higher C.G and greater lateral load shifts such as cargo trucks 
compared to the conventional AFS system during high-speed cornering maneuvers. The potential 
performance of the proposed AIFS system was furthermore evaluated over a wide range of 
steering maneuvers involving uniform as well as split-𝜇 road conditions.  
The paper proposes a more refined controller synthesis together with the steering actuator 
dynamics and a closed-loop driver path-following algorithm. The nonlinear equations of motion 
for the vehicle model were linearized for the purpose of developing the control algorithm based 
on the lateral, yaw and roll responses. The transfer function of the vehicle model was thus 
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obtained relating yaw rate and the steer angle. Since the corrective steering command from the 
controller is generally constrained by the bandwidth of the steering actuator, the characteristic of 
the steering actuator was also modeled as a second-order dynamic system and integrated to the 
vehicle model. Subsequently, the PI controller gains were tuned by comparing the characteristics 
equation of the resultant closed-loop function with the optimum equation based on the minimum 
ITAE (Integral of Time-weighted Absolute Error) performance index. The effectiveness of the 
proposed AIFS control was evaluated under various pre-defined steering inputs. These included: 
(i) a ramp-step steer input to simulate a steady-cornering maneuver; (ii) a lane-change maneuver; 
and (iii) an obstacle avoidance maneuver. The steer angles corresponding to the path change 
maneuvers were generated considering the standardized path coordinates for the given speed. A 
linear vehicle model coupled with an ideal driver model, described by a PID function, was used 
to derive the required steering inputs, which were applied to the nonlinear vehicle model with 
AIFS in an open loop manner. 
Chapter 5 presents the following submitted article: 
Azadeh Farazandeh, A.K.W. Ahmed and S. Rakheja, “Braking and Steering Performance 
Analysis of a Road Vehicle with Active Independent Front Steering (AIFS)”, (Submitted for 
review, International Journal of Heavy Vehicle Systems, October 2014) 
This paper highlights the potential benefits of the AIFS control in permitting sufficient 
adhesion reserve for braking demands during a high-speed steering maneuver. The dynamic 
responses of the vehicle integrating AIFS control are investigated to study the braking efficiency 
as well as stability of the vehicle during braking-in-turn maneuvers. The vehicle model presented 
in the earlier articles was extended to include the braking dynamics by introducing additional 
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essential DOFs. The simulation results were obtained under a wide range of braking-in-turn 
maneuvers on different road conditions such as dry, wet, snow-covered and split-𝜇 roads. The 
paper also presented sensitivity analysis to illustrate the influences of variations in selected 
vehicle design parameters on the performance characteristics of the AIFS control. These 
included the vehicle weight and CG coordinates. The robustness of the synthesized controller 
was investigated considering variations in vehicle model parameters such as cornering stiffness 
of tires, and external disturbances originating from the side wind force or driving on roads with 
asymmetric friction between the left and right tires. The simulation results showed promising 
features of the AIFS under combined high-g cornering and hard-braking maneuvers. It was 
shown that the AIFS control helps limiting the saturation of the inside tire by reducing its steer 
angle and subsequently providing sufficient reserve in the event of a braking demand. It was 
concluded that the AIFS control would prevent locking of the inner tire and subsequently reduce 
the stopping time in such maneuvers, when compared to the AFS control. 
The highlights of the dissertation research together with the major conclusion and 
recommendation for future works are presented in chapter 6. The planetary gear mechanism that 
can be adapted for the design of AIFS system is synthesized in detail and is presented in 
Appendix A. The first prototype of the mechanism built to examine the functionality of the 
system is presented in Appendix B. The simulation parameters used for the investigations in this 






PERFORMANCE ENHANCEMENT OF ROAD VEHICLES USING 
ACTIVE INDEPENDENT FRONT STEERING (AIFS) 
2.1 Introduction 
The steering system design plays a vital role in determining the handling and stability 
performance of the road vehicles. During a directional maneuver, depending on the speed and 
nature of maneuver, the cornering force may be limited when one of the wheels approaches the 
adhesion limit before the others, which may affect the handling performance in an adverse 
manner. Active chassis controls such as anti-lock brake systems (ABS) and vehicle stability 
control (VSC) systems have thus drawn substantial efforts for enhancement of safety dynamic 
performance of road vehicles. Considerable efforts have been made towards steering- and yaw 
moment-based VSC systems such as active front steering (AFS) and direct yaw moment control 
(DYC) that are designed to meet the cornering demand for enhanced vehicle handling and 
stability performance [4,121].  
The steering mechanism in conventional road vehicles is generally designed to closely 
follow the Ackerman steering ratio involving different steer angles of the inner and outer wheels 
at low speeds. At high speeds, the dynamics of a vehicle and the side-slip angles developed at the 
tires cause the vehicle to follow a different path at different speeds for an identical steering input. 
This phenomenon due to the compliance of the pneumatic tire is known as understeer 
characteristic, which can be neutralized by actively controlling or modifying the steer angles of 
the steered wheels depending on the forward speed and the maneuver demands. This permits to 
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enhance the lateral force developed by the tire to meet the cornering demands. Various concepts 
in active front steering (AFS) capable of providing continuous and situation-dependent variations 
in the steering ratio have thus been investigated to achieve improved low-speed maneuverability 
and high-speed stability performance. The concept of AFS was firstly introduced by Kasselmann 
and Keranen in 1969 [2]. Substantial further efforts have been made over the past two decades 
on different concepts and control strategies for the AFS system [51,122]. The AFS system, 
however, alters the steer angles of both the inner and the outer wheels simultaneously in order to 
realize a pre-determined target depending on the forward speed and steering input, while the 
saturation limits associated with road adhesion are not considered. Owing to the nonlinear 
characteristics of pneumatic tires, a wheel may approach lateral force saturation under a high 
lateral acceleration maneuver and thereby limit its ability to generate the required lateral force. 
The AFS system may thus exhibit a very distinct limitation in providing the target response or 
controllability under high-g maneuvers that lead to significant lateral load shift between the inner 
and the outer wheels. 
The yaw moment-based VSC systems (DYC), on the other hand, have been proven to be 
more effective than the AFS under high lateral acceleration maneuvers, since these generate the 
required yaw moment via differential braking [3,32]. A DYC system alone, however, yields 
limited performance in tracking a target vehicle response to steering inputs. Furthermore, it may 
cause a directional instability in an emergency braking maneuver on a split-𝜇 condition, where 
the road adhesion limits of the left and right side could be substantially different. A number of 
studies have reported different limitations of the DYC systems, which include relatively longer 
stopping distance during emergency braking [5], reduced tire life due to more frequent braking, 
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and over-ruled feeling of the driver by the additional corrective yaw moment [6]. Considering 
that the DYC and AFS systems could yield enhanced performance under different ranges of 
operating conditions, many studies have focused on coordinated control of AFS and DYC [8,9]. 
Although the integration of AFS and DYC systems has provided definite performance gains over 
a broad range of operating conditions, it results in a more complex control system involving 
various tracking or estimated parameters.  
The performance potential of an AFS system could be considerably enhanced by introducing 
independent variations in the inner and outer wheels steering. This would permit the optimal 
utilization of the available adhesion of the both wheels to meet the cornering demand under high-
acceleration maneuvers. Such a concept, referred to as Active Independent Front Steering (AIFS) 
system in this paper, would likely lead to enhanced handling and stability performance in the 
presence of split-𝜇 conditions. Furthermore, the AIFS system can also be integrated with DYC 
for further enhancement of yaw stability performance since AIFS can also generate yaw moment 
by introducing differential lateral forces of the steered wheels. The implementation of AIFS, 
however, would necessitate the design of a practical mechanism capable of providing the desired 
steering ratio, which is perhaps one of the major challenges in realizing this concept. The 
reported studies on adaptive steering systems generally propose the use of “Steer-by-Wire” 
[10,11], which has been widely investigated for the purpose of active front steering. The 
implementations of steer-by-wire technology in production cars, however, have been attempted 
together with a mechanical backup system. The mechanical active steering systems comprising a 
planetary gear system, harmonic drive system and variable ratio racks have been employed by 
BMW, Audi and Mercedes, respectively [13-15]. These are generally designed with an objective 
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to realize variable steering ratio (VSR), and thus aid the driver’s steering effort by actively 
altering the steering ratio between the steering angle and the wheels’ steer angles.  
This paper investigates the concept of AIFS and a control strategy for a vehicle with an 
understeer characteristic to examine its effectiveness in enhancing the handling performance 
limit when compared to that realized by the AFS system. A control strategy is formulated and 
explored so as to utilize the maximum capability of both the steered wheels in order to augment 
the handling performance limit. For this purpose, the performance limit is defined as the 
maximum speed or curvature that can be negotiated in an adaptive manner to satisfy the ideal or 
target (yaw rate and trajectory) responses for a given road adhesion. A nonlinear handling model 
of a vehicle considering independent steering of the inner and outer wheels, and the lateral 
/longitudinal load shifts is employed to study the performance potentials of AIFS. The analyses 
are performed under ramp-step and sinusoidal steering inputs, and both uniform and split-𝜇 
conditions. A simple controller synthesis based upon PI control is applied to assess potential 
performance gains of the AIFS concept. Furthermore, since the concept of AIFS is based on load 
shift between the inner and outer wheels, this study also examines the sensitivity of the height of 
the center of gravity for the vehicle equipped with both AFS and AIFS systems. The simulation 
results demonstrate that AIFS performance is as good as those obtained by AFS system in non-
critical handling maneuver. However, the effectiveness of AIFS in comparison to the AFS is 
significant when maneuvers performed are at the limits. A design concept of a mechanical fail-
safe steering mechanism, reported in [117], is also explored for realizing the AIFS function.  
2.2 Handling Model 
A yaw-plane model of a road vehicle is formulated considering independent steering of the 
51 
 
right- and the left-wheels to study the handling performance potentials of the AIFS system. The 
model, illustrated in Fig. 2.1, includes the longitudinal, lateral and yaw motions of the vehicle, 
nonlinear cornering properties of the tire and the load shift along the longitudinal axis. In the 
figure, 𝛿𝑟 and 𝛿𝑙 refer to two independent steering inputs to the right- and left-wheels, 
respectively. The relations between the steering wheel input (𝛿𝑠𝑡) and the right- and left-wheel 
angles, according to Ackerman geometry, can be expressed as: 
 














]  (2.2) 
where 𝑇𝐹 and 𝑇𝑅 are half tire track width of the front and rear axle, respectively, 𝐿 is the 
wheelbase and 𝛿𝑠𝑡 refers steering command of the driver reflected at the wheels considering 
parallel steering. The studies reporting handling models generally consider lateral force normal 
to the fore-aft tire axis as opposed to the direction of travel, assuming considerably lower side-
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slip angles compared to the steer angles [93]. The tires may undergo substantial side-slip during 
sever handling maneuvers, which would not only alter the effective yaw moment but also the 
coordinates of the instantaneous center of rotation. It is thus important to consider slip angles of 
tires in deriving the effective forces and the yaw moment. The equations of longitudinal, lateral 
and yaw motions of the vehicle model, derived in the absence of braking or acceleration force, 
are given below: 
𝑚𝑎𝑥 = −𝐹𝑌𝐹𝑟 𝑠𝑖𝑛(𝛿𝑟 − 𝛼𝐹𝑟) − 𝐹𝑌𝐹𝑙 𝑠𝑖𝑛(𝛿𝑙 − 𝛼𝐹𝑙) + 𝐹𝑌𝑅𝑟 𝑠𝑖𝑛(𝛼𝑅𝑟) + 𝐹𝑌𝑅𝑙 𝑠𝑖𝑛(𝛼𝑅𝑙) (2.3) 






+𝐹𝑌𝐹𝑟{𝑏𝑐𝑜𝑠(𝛿𝑟 − 𝛼𝐹𝑟) − 𝑇𝐹 𝑠𝑖𝑛(𝛿𝑟 − 𝛼𝐹𝑟)} + ⋯ 
+𝐹𝑌𝐹𝑙{𝑏𝑐𝑜𝑠 (𝛿𝑙 − 𝛼𝐹𝑙) + 𝑇𝐹 𝑠𝑖𝑛(𝛿𝑙 − 𝛼𝐹𝑙)} + 𝐹𝑌𝑅𝑟{−𝑐 𝑐𝑜𝑠(𝛼𝑅𝑟) + 𝑇𝑅 𝑠𝑖𝑛(𝛼𝑅𝑟)} − ⋯ 
−𝐹𝑌𝑅𝑙{𝑐 𝑐𝑜𝑠(𝛼𝑅𝑙) + 𝑇𝑅 𝑠𝑖𝑛(𝛼𝑅𝑙)} 
(2.5) 
In the above equations 𝛼𝐹𝑗 and 𝛼𝑅𝑗 are the slip angles of tires on the front and rear axles, 
where the second subscript (𝑗 = 𝑟, 𝑙) refers to right- and left- wheels, respectively. For a given 
forward velocity, the path trajectory of the vehicle in the global coordinate system is obtained 
from the instantaneous yaw angle of the vehicle, such that: 
𝑋 = ∫ 𝑉 𝑐𝑜𝑠𝜃 𝑑𝑡
𝑡
0




where 𝑉 and 𝜃 are the vehicle speed and the yaw angle of the vehicle, respectively.  
2.3 Tire Force and Moment 
In this study, the “Magic Formula” tire model [94] has been utilized to derive lateral force 
𝐹𝑌𝑖𝑗(𝑖 = 𝐹, 𝑅; 𝑗 = 𝑟, 𝑙) developed at the tire-road interface and the aligning moment, where 
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subscripts 𝐹 and 𝑅 refer to front and rear tires, and 𝑟 and 𝑙 denote the right and left wheels, 
respectively. The tire lateral force can be characterized in two distinct ranges of side-slip angles, 
as it is evident in the cornering force properties of tires shown in Fig. 2.2. The tire force 
generally lies in the nearly linear region under typical vehicle maneuvers. Under extreme 
maneuvers or slippery road conditions, the tire force occurs in the nonlinear or the saturation 
region, which is vital in this study considering that one of the requirements for the proposed 
AIFS system is to prevent the tire from approaching the saturation. As shown in the figure, the 
changes in the tire lateral force and consequently the yaw rate with change in the steering angle 
tend to diminish at the end of the saturation zone.  
 
Figure 2.2: Tire lateral force zones. 
Tire normal load is the other major factor that influences the cornering behavior of the tires. 
In a severe turning maneuver, the normal load shift between the outer and inner wheels plays a 
greater role. Furthermore, the relation between the normal load and the lateral force is nonlinear, 
which leads to a reduction in the total cornering force developed during a turning maneuver and 
greater side-slip angle in order to meet the lateral force demand [94]. Neglecting the load shift 
attributed to vehicle roll in the context of the yaw-plane model considered in the study, the 































normal loads on each wheel 𝐹𝑍𝑖𝑗(𝑖 = 𝐹, 𝑅; 𝑗 = 𝑟, 𝑙) can be expressed as functions of the 









































The side-slip angles of the tires are expressed as functions of the forward and lateral velocity 
and yaw rate of the vehicle, as follows: 




















The tire lateral force and self-aligning moment are subsequently obtained from the Magic 
Formula Tire model as functions of the tire normal force and slip angle:  
𝑌(𝑋) = 𝐷𝑠𝑖𝑛{𝐶𝑡𝑎𝑛−1[𝐵𝑋 − 𝐸(𝐵𝑋 − 𝑡𝑎𝑛−1(𝐵𝑋))]} (2.15) 
where 𝑌(𝑋) presents the cornering force or the self-aligning moment, 𝑋 is tire slip angle; 𝐶 
is the shape factor and 𝐵, 𝐷 and E are coefficients dependent upon the normal load. 
55 
 
2.4 AIFS Control Strategy 
A control strategy for AIFS is synthesized considering the two distinct regions of the tire 
cornering properties. Under relatively low lateral acceleration maneuvers, the tire is expected to 
operate in its linear range. The steering control strategy in this region is identical to that of the 
AFS system, where a corrective angle is applied equally to both the front wheels in order to track 
the desired yaw rate target. In this case, the wheels approximately follow the Ackerman 
geometry, where 𝛿𝑙> 𝛿𝑟 for the left turn maneuver illustrated in Fig. 2.1. Greater load transfer 
and centrifugal force encountered during a high lateral acceleration maneuver, however, could 
cause saturation of the inner wheel, while the available adhesion of the outer wheel being under-
utilized, as illustrated by points ‘A’ and ‘B’ in Fig. 2.3. This tendency would limit the 
performance of the AFS controller as one of the wheels approach or exceed the saturation 
regime.  
 
Figure 2.3: Inner and the outer tire lateral force in a turning maneuver. 
Subsequently, the AIFS controller is synthesized to ensure maximum utilization of the 
available adhesion limits of both the wheels in a high lateral acceleration maneuver. Unlike the 
AFS controller, the proposed control strategy considers independent steering corrections applied 
































to the right- and left- wheels, which can be realized through design of an independent steering 
system. The proposed design, presented in the subsequent sections, permits distribution of the 
corrective action between the inner and the outer wheels with different gains depending upon the 
operating conditions namely the speed, road adhesion and instantaneous steering wheel angle. 
For an understeer vehicle, the controller thus results in relatively greater steering of the outer 
wheel than the inner wheel so as to utilize the available adhesion limit of the outer wheel more 
efficiently, while limiting the inner wheel to operate slightly below its saturation limit. In this 
case, depending on the maneuver, the outer wheel steer angle may exceed that of the inner 
wheel, thereby forcing the steering system towards anti-Ackerman geometry. 
A simple PI controller is synthesized in this preliminary investigation of performance 
potential of the proposed AIFS concept. The controller is designed to provide a corrective 
steering action to achieve a target yaw rate. The target or reference yaw rate corresponds to a 
neutral steer condition, which is established from the forward velocity and instantaneous driver 





The desired steer angle correction from the PI controller is estimated from the instantaneous 
yaw rate error, such that:  
𝛿𝐶 = 𝐾𝑃𝛥𝛿𝑠𝑡 + 𝐾𝐼 ∫𝛥𝛿𝑠𝑡 (2.17) 
where 𝐾𝑃 and 𝐾𝐼 are proportional and integral gains, respectively, 𝛿𝐶 is the steering 
correction to be distributed over the inner and outer wheels, and ∆𝛿𝑠𝑡 is input to the controller, 
which is directly related to the yaw rate error, ∆𝛺 = 𝛺𝑟𝑒𝑓 − 𝛺𝑎𝑐𝑡 , such that: 
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𝛥𝛿𝑠𝑡 = 𝐾𝑠𝑡𝛥𝛺 (2.18) 
The gain 𝐾𝑠𝑡 defines the linear relation between the reference yaw rate and the steering 








While the controller gains in this study have been identified through repeated simulations, 
the resulting corrective action is distributed over the inner and outer-wheels through the steering 
mechanism, such that:  
𝛿𝐼 = 𝛿𝑠𝑡 + 𝜌𝐼𝛿𝐶 (2.20) 
𝛿𝑂 = 𝛿𝑠𝑡 + 𝜌𝑂𝛿𝐶 (2.21) 
The 𝜌𝐼 and 𝜌𝑂 are the distribution gains, which assume identical value of 1, when operating 
in the linear regime. The unity values of the gains would also be applicable for the AFS 
controller, whether it operates in the linear or non-linear regime. In case of the proposed AIFS 
controller, 𝜌𝑂 is always greater than 𝜌𝐼 for an understeer vehicle.  
2.5 Steering Mechanism 
Various steer-by-wire systems proposed in the literature could be readily applied for 
implementation of the AIFS control strategy. A few studies, however, have expressed concerns 
related to reliability of the steer-by-wire systems [123,124]. In this study, a fail-safe mechanical 
steering system is explored to permit independent control of the steering angle at each wheel of 
the vehicle. This innovative design detailed in [117] is presented in Fig. 2.4, which consists of 
two set of planetary gear trains. Each set of planetary gear system includes a sun gear, three or 
four planet gears, an annulus or a ring gear and a planet carrier. The steering column drives the 
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sun gears of both the planetary gear sets. The planet carriers play the role of pinions as in a 
conventional rack and pinion system. It can be seen that the proposed design reverts to a 
conventional steering system, when the annulus is locked. Each gear set is also equipped with a 
DC servo motor that serves as the control actuator. Each electric motor applies the corrective 
angles by turning the annuluses, thereby providing a variable steering ratio through simultaneous 
turning of the annulus and the steering wheel. The resulting planet carrier velocity due to two 





where 𝜔𝐶, 𝜔𝑠 and 𝜔𝑎 are the planet carrier, sun and annulus velocities, respectively, and 𝑍𝑠 
and 𝑍𝑎 refer to sizes of the sun and the annulus gears, respectively. In the above relation, it 
should be noted that the annulus may also apply a correction opposing the steer angle input 
depending on the driving situation.  
 




2.6 Simulation Analysis 
The effectiveness and potential performance gains of the proposed AIFS concept are 
investigated through simulations of the yaw-plane model integrating the proposed controller 
synthesis. The resulting closed-loop simulation model, shown in Fig. 2.5, solved using 
Matlab/Simulink. The vehicle parameters representing a step van used in this investigation are 
summarized in Table C.1 (Appendix C) and are similar to those reported in [125]. The handling 
performance characteristics of the vehicle model integrating AIFS controller are obtained 
considering three different cases of operating conditions: high-friction steady-turning maneuver 
idealized by a ramp-step steer input; a lane-change type of steer input idealized by a 0.16 Hz 
sinusoidal input, and a split-friction steady-turning input. The resulting responses of the model 
are also compared with those obtained with the AFS controller and the reference model. 
 
 Figure 2.5: The Simulink model of the vehicle with a PI controller. 
As discussed earlier, AIFS is essentially an AFS at low speeds and both can realize the 
target response until one of the tires in the AFS system approaches its saturation limit. The AIFS 
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system with independent control of wheel angles has the potential to provide target handling 
beyond the limits of AFS system. For selected steering commands, results are presented in this 
paper only for speeds where the advantages of AIFS over the AFS can be easily demonstrated. 
2.6.1 Case study1: cornering maneuver  
The cornering maneuver for the reference vehicle is evaluated by simulating vehicle 
responses to a J-turn steering input as illustrated in Fig. 2.6. The average steering input at the 
wheel rises in 2 second to 2.29 degree in sinusoidal wave shape and stays constant at 2.29 degree 
for the entire simulation leading to a circular trajectory for the vehicle motion. The input for the 
right-wheel designated as the outer and the left-wheel designated as the inner are established 
based on Ackerman geometry and given by Eq. (2.1) and Eq. (2.2), respectively. The results 
have been obtained on a dry road surface for a forward velocity of 20.5 m/s. The resulting lateral 
acceleration of the vehicle presented in Fig. 2.7 demonstrates the severity of the turning 
maneuver for the medium heavy vehicle selected for the case study. 
 
Figure 2.6: Steering angle input for the J-turn maneuver. 

























Figure 2.7: Lateral acceleration for the J-turn maneuver with AFS controller. 
The ideal or target radius of curvature and the yaw rate are established from the simplified 
vehicle model with same parameters except the C.G location is modified to obtain neutral steer 
characteristic. The results for yaw rate and vehicle trajectory obtained for both AFS and AIFS 
simulation are compared with the reference response as shown in Fig. 2.8 and Fig. 2.9. The 
results show that the AFS with same corrective angle added to both wheels cannot generate the 
target response as the one of the wheels reach saturation. On the other hand, the AIFS as shown 
is capable of producing the target response without any of the wheels reaching saturation.   
 
Figure 2.8: The yaw rate response for the J-turn maneuver. 



















































Figure 2.9: Trajectory of the vehicle in a J-turn maneuver. 
The required steer angles at the inner and outer wheels generated by the controller in 
attempts to provide the target response to the J-turn input of 2.29 degrees are shown in Fig. 2.10. 
In all cases the steer angles at the wheels are increased until one of the tire reaches saturation 
level. The results show that the AFS controller increased the steer angles at both wheels in 
attempts to provide the target, while the AIFS increased the angle at the outer wheel significantly 
more than the inner to ensure that neither of the tires reached saturation while successfully 
provide the target response. The corresponding slip angles at each of front wheels for the same 
maneuver are shown in Fig. 2.11. The figure also identifies the limit of slip angle that can be 
reached at each wheel prior to saturation for the tire properties used and dynamic vertical load 
generated due to the maneuver. The results clearly show the superiority of the AIFS system and 
the control strategy to utilize the available road adhesion in generating the best possible 
performance. It is further noted that the AIFS did not reach the saturation even for this severe 
maneuver performed. The results, however, show that the steer angle needed at the outer wheel 
and the slip angle are quite large for AIFS as it tries to provide target. As discussed earlier this 


















trend is expected since the tires capability to generate lateral force diminishes for high values of 
slip angle. 
 
Figure 2.10: Outer and inner wheel angle with the AFS and AIFS controller. 
 
Figure 2.11: Outer and inner wheel side- slip angle. 
2.6.2 Case study 2: sinusoidal maneuver 
Simulation results are next generated for the vehicle with AFS and AIFS systems under a 
sinusoidal steering input. For this the average steer angle at the wheels with peak angle of 2.29 
degrees and period of 6.28 seconds is used as presented in Fig. 2.12. The simulations were 
performed with a forward velocity of 23.6 m/s on a dry road. In this case, the outer or the inner 
wheel for each half cycle is not the same. In other words, if in the first half cycle the outer wheel 
is the right one, in the second half cycle the outer is the left wheel of the vehicle. Thus, this 






















































would require further step for the controller to first identify the inner and outer wheels and then 
add the corrective angle to the appropriate wheel. The vehicle’s response in terms of yaw rate as 
a function of time for the AFS and AIFS systems is shown in Fig. 2.13. The reference yaw rate 
response here is the one realized by a neutral steer vehicle. The magnitude of steer angle and 
velocity used are comparable to those used for J-turn above leading to a severe maneuver. As the 
results show, the AIFS system with the control strategy is very effective in realizing the target 
response, whereas the AFS fails to be close to the target as the tire reaches saturation limit. The 
corresponding trajectories for the two systems shown in Fig. 2.14 also demonstrate the superior 
performance of the AIFS system. It is expected that the limitation of AFS will be more 
prominent if higher frequency sinusoidal input is used.  
 
Figure 2.12: Steering angle input for the sinusoidal maneuver. 
 
Figure 2.13: Yaw rate response for the sinusoidal maneuver. 
















































The steer angles generated for the inner and outer wheels by the controllers of AFS and 
AIFS systems to realize the above responses are shown in Fig. 2.15. The corresponding side slip 
angles at each of the steered wheels are also shown in Fig. 2.16. These results demonstrate the 
manner in which the steer angles are modified over each half cycle of the input. Figure 2.16 
further showing saturation limits for positive slip angles indicate that both AFS and AIFS reach 
the saturation limit in realizing the simulated responses. The AIFS, however, reaches the 
saturation level for a fraction of a second and similar to previous results, large angles are needed 
at the outer wheel in order to realize the target in a severe maneuver. The lateral acceleration of 
the vehicle under the sinusoidal maneuver is shown in Fig. 2.17. It is evident that the peak lateral 
acceleration reached for this maneuver is more severe than the one for J-turn presented earlier. 
 
Figure 2.14: Trajectory of the vehicle in the sinusoidal maneuver. 
 
Figure 2.15: Outer and inner wheel angle with the AFS and AIFS controller.  












































Figure 2.16: Outer and inner wheel side-slip angle with AFS and AIFS. 
 
Figure 2.17: Lateral acceleration of the vehicle in the sinusoidal maneuver. 
2.6.3 Case study 3: split-𝜇 condition  
Split-𝜇 describes a condition for the road where the coefficient of friction is not same for 
each of the tire-road interface. It is expected that for such road condition, a system with 
capability for independent control of wheel steer angle should provide a superior performance. 
To examine this, a set of simulations were finally performed using the vehicle equipped with 
AFS and AIFS systems for the split-𝜇 road conditions (𝜇𝑅 = 1, 𝜇𝐿 = 0.2). The steering input 
used for this simulation is same as that used for J-turn maneuver, while the forward velocity is 
set at 18 m/s. The results in terms of yaw rate time history is presented in Fig. 2.18 and Fig. 2.19 
shows the corresponding trajectory of vehicle motion. These results again demonstrate the 
effectiveness of AIFS and the inability of AFS to realize the target. It should be pointed out that 
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the severity of the maneuver considered for split-𝜇 is significantly lower than that used earlier for 
uniform road condition. The inner and outer steer angles generated by the AFS and AIFS in 
order to generate these responses are shown in Fig. 2.20. As the result shows, the steering angle 
needed here for the outer wheel of AIFS was significantly less than that for earlier maneuver. 
The corresponding side slip angles at each wheel of both systems shown in Fig. 2.21 indicate that 
while AFS tire has reached saturation, the AIFS tire is capable of producing much more 
cornering force if required. The lateral acceleration of the vehicle is demonstrated in Fig. 2.22. 
 
Figure 2.18: Yaw rate response for the split-𝜇 maneuver. 
 
Figure 2.19: Vehicle trajectory generated by the AFS and AIFS controllers. 













































Figure 2.20: Outer and inner wheel angle with the AFS and AIFS controller. 
 
Figure 2.21: Outer and inner wheel side-slip angle with the AFS and AIFS controller. 
 
 Figure 2.22: Lateral acceleration for the split-𝜇 maneuver with AFS controller. 
2.6.4 CG height sensitivity analysis 
The effectiveness of AIFS over the AFS system strongly relies on the magnitude of load 
shift during a maneuver. The magnitude of this load shift on the other hand is largely dependent 





















































































on the height of the center of gravity (CG). It is thus an interesting parameter to examine for 
sensitivity to the effectiveness of AIFS system. A set of results are therefore obtained using the 
baseline parameters for the vehicle while the height of CG is varied from 0.5 m to 1.2 m. The 
yaw rate response to J-turn maneuver has been established similar to the first set of results in this 
paper. Figure 2.23 summarizes the results for the range of CG height considered. The results 
show that for low cg heights, AFS is equally as effective as the AIFS in realizing a target 
response. However, as the CG height is increased, AIFS is the only active steering system that 
can provide effective result. 
 
Figure 2.23: Height sensitivity analysis for yaw rate response with AFS and AIFS. 
2.7 Conclusion 
The simulations results revealed that the proposed Active Independent Front Steering 
(AIFS) system and the control strategy yields enhanced handling performance under a range of 
severe road maneuvers and surface conditions, when compared to the AFS. The AIFS system 
yields performance gains identical to those of the AFS under typical vehicle maneuvers but 
provides superior tracking of the target responses under more severe maneuvers that cause the 




















barking/steering on split-𝜇 road conditions. The results show that the proposed AIFS system 
modifies the steer angle with speed at low speeds, while retaining Ackerman geometry, as in the 
case of the AFS system. Unlike the AFS, the proposed AIFS system utilizes the maximum 
available tire-road adhesion to meet the cornering demand in a severe maneuver through unequal 
distribution of the desired steer correction over the inside and outside wheels. As the inner tire 
approaches its saturation limit during a high-g maneuver, the AIFS system controller tends to 
enhance the cornering force by generating greater steer angle of the outer tire, effectively 
introducing anti-Ackerman geometry. The proposed AIFS system exhibits superior potential 
compared to the AFS particularly in the presence of greater lateral load shift during a high-g 
maneuver. The proposed concept is thus expected to be far more beneficial for enhancement of 
handling properties of heavy vehicles, which invariably undergo large lateral load shift due to 
their high center of mass and roll motion. The study also proposed the design of an 
independently controllable front wheels steering system for implementation of the AIFS. Based 
on the results to date, the proposed design offers a potentially fail-safe mechanism for 
implementation of the AIFS system. The present study, however, is limited to a simple PI control 
synthesis to investigate the performance potentials of the AIFS concept, while the vehicle 
considered is understeer. It is desirable to seek alternate adaptive control algorithms so as to 







PERFORMANCE ANALYSIS OF ACTIVE INDEPENDENT FRONT 
STEERING (AIFS) FOR COMMERCIAL VEHICLES WITH GREATER 
LATERAL LOAD SHIFT PROPENSITY 
3.1 Introduction 
Active Front Steering Systems (AFS) have been designed to vary steer angles in an active 
manner to realize a target directional response [122]. The steer angles of both the inner and outer 
wheels, however, are altered simultaneously, while maintaining Ackerman geometry [93]. 
Furthermore, the ability of a tire to generate a lateral force is not adequately considered in the 
AFS synthesis. Alternatively, an Active Independent Front Steering (AIFS) concept that can 
realize steer angle corrections of the right- and left-steered wheels in an independent manner has 
been shown to outperform the conventional Active Front Steering (AFS) system in the context of 
handling performance of automobiles [126]. The AIFS concept permits maximum utilization of 
the tire-road adhesion available at each wheel/road contact without approaching cornering force 
saturation to realize the target response. In doing so, the AIFS can maximize the performance 
limit of a road vehicle not only on a homogeneous surface but also on a split-𝜇 road condition. 
The lateral load transfers encountered during a steering maneuver could lead to loss of cornering 
ability of the steered wheels and thereby limited handling performance under high speed 
maneuvers. The control strategy of AIFS system is based on compensation of the tire cornering 
force loss attributed to lateral load transfer across the steered wheels apart from utilization of the 
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available tire-road adhesion so as to achieve improved handling performance, particularly under 
more severe high-g steering maneuvers.  
The results obtained through parametric sensitivity analysis of the AIFS concept suggested 
greater effectiveness of AIFS for vehicles with higher mass center and thus greater load transfer 
[126]. The AIFS is thus expected to yield better performance for commercial vehicles with their 
inherent high center of mass and roll motions that lead to large lateral load shifts. This 
phenomenon is more pronounced in liquid cargo vehicles particularly under partial fill 
conditions, where the lateral load transfers could be far more significant under steering and 
braking maneuvers [127]. The main focus of the present study is thus to examine the 
effectiveness of an AIFS in enhancing the handling performance of tank trucks with full and 
partial loads. It is well known that partially filled tank trucks exhibit substantially lower 
directional stability and control limits compared to rigid cargo trucks, which is primarily 
attributed to their high mass center and excessive cargo movement under steering maneuvers 
[128]. Such vehicles are thus more frequently involved in road accidents [129]. The implications 
of accidents involving such vehicles could be catastrophic, particularly when hazardous materials 
are involved. Numerous studies have illustrated the adverse influences of the liquid cargo 
movement within tank trucks on their directional stability and rollover propensity, which are 
further dependent upon the tank cross-section and the fill volume [130-132]. A partial fill 
condition yields lower center of mass (CG) height, and therefore superior stability limit and 
handling performance may be expected. The additional roll moment caused by cargo movement, 
however, may not only counter the gain due to lower CG height but also lead to lower directional 
control performance of the vehicle. This trend is evident from the reported studies on wider 
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cross-section tanks such as oval and modified oval tank vehicles [130]. For cylindrical cross-
section tank, it has been shown that the additional roll moment due to cargo movement nearly 
nullifies the low CG gain in the context of rollover threshold limit. The cylindrical tank trucks 
thus exhibit lower sensitivity of the rollover threshold to variations in the fill height, when cargo 
load is constant as observed in general purpose tank truck fleets transporting products of varying 
weight density [132]. The handling performance of partly-filled tank trucks, which exhibit 
excessive load transfers irrespective of the tank cross-section, may be enhanced through AIFS.  
From the review of studies reporting the performance potentials of AFS, it is apparent that 
AFS control strategy has been mostly explored with an objective to reduce the rollover hazard in 
an emergency maneuver [57]. However, the results suggest that enhancing the vehicle rollover 
threshold may lead to lateral instability during an evasive maneuver. An AFS system may thus 
provide enhanced vehicle rollover immunity at the expense of poor handling performance 
through relatively greater path deviation [60]. Some studies have proposed integration of Direct 
Yaw-moment Control (DYC) together with Active Steering in order to compensate for the path 
deviations [56]. Such an approach would lead to significant system and control complexities. 
Furthermore, it has been reported that systems with DYC frequently lead to a level of 
disturbance and annoyance to the driver [5,6]. The application of AFS control to an articulated 
tractor-semitrailer combination has also been studied for prevention of jackknife instabilities 
during severe driving maneuvers [63].  
The AIFS control that can apply differential steering to right- and left-steered wheels in an 
independent manner with appropriate considerations of instantaneous load transfer and possible 
cornering force saturation of the tires offers considerable advantages for enhanced handling 
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performance over a wider speed range. The potential handling performance gains of an AIFS 
have been illustrated for a passenger car [126]. The study also showed far greater performance 
potentials of an AIFS for high CG vehicles subject to high-g maneuvers, the situations involving 
greater load transfers. For passenger cars with only moderate load shift across the steered wheels, 
the performance gain was realized by primarily increasing the steer angle of the outer wheel with 
larger normal load, while the controller strategy was based on predetermined slip angle limit for 
tire saturation. Alternatively, an improved control strategy may be realized through online 
monitoring of impending tire force saturation in terms of tire work-load. A control strategy that 
attempts to equalize tire work-loads of inner and outer wheels would not only permit maximum 
possible cornering force but also retain sufficient road adhesion for developing essential 
longitudinal forces.  
In this study, the performance characteristics of an AIFS are investigated for applications in 
commercial vehicles with high CG and lateral load transfers. A two-axle tank truck is considered 
as a case example. A nonlinear yaw-plane model of the tank truck integrating roll dynamics of 
the sprung mass is developed to study the directional performance potential of the AIFS. The 
load shift associated with liquid cargo motion in the roll plane of a cylindrical tank is evaluated 
using the quasi-static approach and incorporated in the vehicle model in terms of resultant lateral 
force and roll moment attributed to quasi-static cargo shift. The AIFS strategy based on a yaw 
rate reference model is synthesized considering delays associated with tire lag and steering 
response. The controller strategy permits independent control of each wheel so as enhance 
handling performance limit through maximum utilization of the available tire-road adhesion 
prior to approaching the saturation limit. Simulation results are obtained for both the full and 
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partial load conditions under a steady-turning maneuver at different forward speeds to 
demonstrate the effectiveness of an AIFS system for applications in rigid as well as partly-filled 
liquid cargo trucks.  
3.2 Directional Dynamic Model of the Truck  
A simple yaw-plane model of a two-axle truck with roll-DOF is formulated, as shown in 
Fig. 3.1. The model comprises right- and left- wheels with independent steering angles in order 
to study the performance potentials of the AIFS. The model also considers nonlinear tire model 
in order to predict tire forces under severe maneuvers and possible impending cornering force 
saturation. The model with independent steering of the right- and left-wheels is formulated 
considering roll motion of the sprung mass, as well as lateral and yaw motions of the vehicle, as 
shown in Figs. 3.1(a) and 3.1(b), respectively. In the figure, ‘RC’ refers to roll center of the 
sprung mass and 𝜙 denotes the sprung mass roll angle. The equations of motions obtained 
considering large steer angles are summarized below: 
𝑚𝑉(?̇? + 𝑟) − 𝑚𝑠ℎ𝑠?̈? =  𝐹𝑌𝐹𝑟 𝑐𝑜𝑠 𝛿𝑟 + 𝐹𝑌𝐹𝑙 𝑐𝑜𝑠 𝛿𝑙 + 2(𝐹𝑌𝑅𝑟 +𝐹𝑌𝑅𝑙) (3.1) 
(𝐼𝑥𝑠 + 𝑚𝑠ℎ𝑠
2)?̈? − 𝐼𝑥𝑧𝑠?̇? − 𝑚𝑠ℎ𝑠𝑉(?̇? + 𝑟) = (𝑚𝑠𝑔ℎ𝑠 − 𝐾𝜙𝐹 − 𝐾𝜙𝑅)𝜙 − (𝐶𝜙𝐹 + 𝐶𝜙𝑅)?̇? (3.2) 




𝑖=𝐹 + 𝐹𝑌𝐹𝑟(𝑏𝑐𝑜𝑠𝛿𝑟 − 𝑇𝐹 𝑠𝑖𝑛 𝛿𝑟) + ⋯ 
𝐹𝑌𝐹𝑙(𝑏𝑐𝑜𝑠 𝛿𝑙 + 𝑇𝐹 𝑠𝑖𝑛𝛿𝑙) − 2𝑐(𝐹𝑌𝑅𝑟 + 𝐹𝑌𝑅𝑙) (3.3) 
where 𝑉, 𝑟 and 𝛽 are the speed, yaw rate and side-slip angle of the vehicle, respectively. The 
distances of the front and rear axle from the CG are denoted by 𝑏 and 𝑐.  𝐼𝑥𝑠, 𝐼𝑥𝑧𝑠 and 𝐼𝑧𝑠 are 
sprung mass moments of inertia about the 𝑥, 𝑥𝑧 and 𝑧 axis at the mass center, respectively, 
and 𝐼𝑧𝑢 is the moment of inertia of the unsprung mass. 𝐾𝜙𝑖 and 𝐶𝜙𝑖(𝑖 = 𝐹, 𝑅) are the total front- 
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and rear-axle suspension roll stiffness and roll damping, respectively. 
 
                               (a)                                                                                             (b) 
Figure 3.1: Three-DOF directional dynamic model of a two axle truck: (a) roll-plane; and (b) 
yaw-plane. 
In the above equations, tire lateral force 𝐹𝑌𝑖𝑗  and self-aligning moment 𝑀𝑖𝑗  (𝑖 = 𝐹, 𝑅;  𝑗 =
𝑟, 𝑙) are derived using the Magic Formula [102] considering the normal load 𝐹𝑍𝑖𝑗 and slip angle 
𝛼𝑖𝑗  of each wheel, where subscripts 𝐹 and 𝑅 refer to front- and rear-tires, and 𝑟 and 𝑙 denote the 
right- and left-wheels, respectively. The normal load on each wheel can be derived as a function 
of the longitudinal (𝑎𝑥) and lateral (𝑎𝑦) accelerations as well as the suspension roll stiffness 
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(3.7) 
where 𝑇𝐹 and 𝑇𝑅 are the half tire track widths of the front and rear axles, respectively, L is 
the wheelbase, 𝑚𝑠𝑖 and 𝑚𝑢𝑖(𝑖 = 𝐹, 𝑅) refer to the front and rear sprung and unsprung masses, 
respectively, and 𝑚𝑠 is the total sprung mass. 
3.2.1 Load shift in a partially-filled tank  
Equations (3.1) to (3.7) describe the steering dynamic responses of the vehicle with only 
rigid cargo. The vehicle however is subjected to additional lateral load shift, lateral force and the 
roll moment due to lateral movement of liquid cargo within the partly-filled tank. Figure 3.2 
illustrates the roll plane of the vehicle equipped with a partly-filled cylindrical tank. The center 
of mass of the liquid cargo experiences a lateral shift (𝑦𝑐) due to roll motion of the sprung mass 
and the maneuver-induced lateral acceleration 𝑎𝑦𝑐. The magnitude of 𝑦𝑐 depends on the tank 
geometry, fill height and liquid free surface gradient (𝛾). Assuming quasi-static motion and 








Figure 3.2:  Partially filled tank truck model.  
For a cylindrical tank of radius 𝑅, the lateral (𝑦𝑐) and vertical (𝑍𝑐) movements of the liquid 
cargo mass center can thus be expressed as [130]: 
𝑦𝑐 = (𝑅 − 𝑍0)𝑠𝑖𝑛𝛾 (3.9) 
𝑍𝑐 = (𝑅 + 𝑍𝑏) − (𝑅 − 𝑍0)𝑐𝑜𝑠𝛾 (3.10) 
where 𝑍0 is static CG height of the liquid cargo, which depends on the fill level. 𝑍𝑏 is tank 
base height from the chassis CG, as shown in Fig. 3.2. Assuming relatively small sprung mass 
roll angle compared to the lateral acceleration encountered during a steering maneuver yields, 
𝛾≈ 𝑎𝑦𝑐. Furthermore, assuming 𝑠𝑖𝑛𝛾 ≈ 𝛾 yields: 
𝑦𝑐 = (𝑅 − 𝑍0)𝑎𝑦𝑐 (3.11) 
The lateral acceleration at the cargo mass center may be expressed in terms of the vehicle 
forward speed, vehicle side-slip angle, roll acceleration and the yaw rate, as: 
𝑎𝑦𝑐 = 𝑉(?̇? + 𝑟) − ℎ𝑐?̈? (3.12) 
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From Fig. 3.2, it is evident that lateral movement of the cargo imposes an additional roll 
moment (𝑂𝑀) about the roll center, as: 
𝑂𝑀 = 𝑚𝑐𝑔𝑦𝑐  (3.13) 
Substituting for 𝑦𝑐 from Eqns (3.11) and (3.12) yields following expression for 𝑂𝑀: 
𝑂𝑀 = 𝑚𝑐(𝑅 − 𝑍0)(𝑉(?̇? + 𝑟) − ℎ𝑐?̈?) (3.14) 
Subsequently, considering independent steering of the right- and the left-wheels, the 
equations of motion for the partly-filled tank truck model incorporating forces and moments due 
to cargo motion are formulated as: 
𝑚𝑉(?̇? + 𝑟) − (𝑚𝑠
′ℎ𝑠
′ + 𝑚𝑐ℎ𝑐)?̈? = 𝐹𝑌𝐹𝑟 𝑐𝑜𝑠 𝛿𝑟 + 𝐹𝑌𝐹𝑙 𝑐𝑜𝑠 𝛿𝑙 + 2(𝐹𝑌𝑅𝑟 +𝐹𝑌𝑅𝑙) (3.15) 
𝐼𝑥𝑠𝑐?̈? − 𝐼𝑥𝑧𝑠𝑐?̇? − (𝑚𝑠
′ℎ𝑠
′ + 𝑚𝑐(ℎ𝑐 + 𝑅 − 𝑍0))𝑉(?̇? + 𝑟) + 𝑚𝑐ℎ𝑐(𝑅 − 𝑍0)?̈? =
= ((𝑚𝑠
′ℎ𝑠
′ + 𝑚𝑐ℎ𝑐)𝑔 − 𝐾𝜙𝐹 − 𝐾𝜙𝑅)𝜙 − (𝐶𝜙𝐹 + 𝐶𝜙𝑅)?̇? 
(3.16) 





+ 𝐹𝑌𝐹𝑟(𝑏𝑐𝑜𝑠𝛿𝑟−𝑇𝐹 𝑠𝑖𝑛 𝛿𝑟) + 
𝐹𝑌𝐹𝑙(𝑏𝑐𝑜𝑠 𝛿𝑙 + 𝑇𝐹 𝑠𝑖𝑛𝛿𝑙) − 2𝑐(𝐹𝑌𝑅𝑟 + 𝐹𝑌𝑅𝑙) 
(3.17) 
where 𝑚𝑠
′  is the mass due to chassis and the tare tank, and 𝑚𝑐 is mass of the liquid 
cargo. 𝐼𝑥𝑠𝑐, 𝐼𝑥𝑧𝑠𝑐 and 𝐼𝑧𝑠𝑐 are the mass moments of inertia of the chassis and the cargo mass about 
the 𝑥, 𝑥𝑧 and 𝑧 axis, respectively, at the roll center. 𝐼𝑧𝑢 is mass moment of inertia of the unsprung 
mass.  
3.3 AIFS Reference Model and Control Strategy 
The AIFS control structure has been formulated to track the steering response of an 
idealized reference model based upon maximum utilization of the available adhesion limits of 
both the steered wheels, especially in a high lateral acceleration maneuver, as described in [126]. 
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A simple PI controller is synthesized in this investigation to explore the performance potential of 
the AIFS concept applied to the two-axle truck. The controller is designed to provide a corrective 
steering action to achieve the reference yaw rate corresponding to a neutral steer condition, 
which is expressed as a function of forward velocity and instantaneous driver steering command 





In the above relation 𝛿𝑠𝑡 relates to steer angles of the inner and outer wheels steer angles, 𝛿𝑙  
and 𝛿𝑟. Steering correction command, 𝛿𝐶, to be distributed over the inner and outer wheels is 
subsequently obtained through synthesis of a PI controller, such that: 
𝛿𝐶 = 𝐾𝑃𝛥𝛿𝑠𝑡 + 𝐾𝐼 ∫𝛥𝛿𝑠𝑡 (3.19) 
where 𝐾𝑃 and 𝐾𝐼 are proportional and integral control gains, respectively, 𝛥𝛿𝑠𝑡 = 𝐾𝑠𝑡𝛥𝑟 is 
the error factor relating the yaw rate error ∆𝑟 = 𝑟𝑟𝑒𝑓 − 𝑟 and gain 𝐾𝑠𝑡, defined as the ratio of the 








In the controller synthesis r refers to the instantaneous yaw rate response of the vehicle. It 
should be noted that the steering correction 𝛿𝐶 is distributed over the left- and right-wheels 
through a mechanical transmission [117], while in case of an AFS control this correction is 
introduced following the Ackerman geometry.  
Preliminary simulation results attained for a 4 degree J-turn maneuver revealed a significant 
overshoot in the yaw rate response, although it could easily achieve the desired target response. 
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This was attributed to considerations of the idealized controller, while the vehicle responses 
inherently show significant response delays caused by the tire lag, vehicle inertia and other 
mechanical components [64]. The reference model was thus refined to account for response 






where 𝜏 is time constant relating the time lag between the steering input and the steady-state 
yaw rate response, and 𝑟𝑟𝑒𝑓
∗  is the refined reference yaw rate. The simulation results of the 
vehicle model coupled with an AFS control using the idealized and refined reference yaw rates 
are shown in Fig. 3.3(a) in terms of the vehicle yaw rate. The figure also shows the ideal and 
refined reference yaw rates. The results were obtained using a completely filled tank truck so as 
to eliminate the contributions of cargo movement, while the forward speed was chosen as 57 
km/h. The results clearly show that the AFS control based on the modified reference model 
tracks the target reasonably accurately without any overshoot. The time-histories of inner and 
outer front wheel steer angle responses of the AFS control based on idealized and refined 
reference yaw rate are further compared in Fig. 3.3(b). The results again show that addition of 
first-order system delays in the reference response effectively suppresses the overshoot in steer 
angle response.  
Subsequent simulations were performed using the time-delayed reference yaw rate, while 
the controller gains were selected considering the frequency bandwidth of steering response of 
trucks of 1.5 Hz [64]. In order to ensure a consistent handling behavior under different steering 
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frequencies, the PI controller gains are tuned for tracking of the target yaw rate with cross-over 
frequency of 1.5 Hz. The gains 𝐾𝑃 = 1.1 and 𝐾𝐼 = 16.0 satisfied this requirement. 
 
                                         (a)                                                                     (b) 
Figure 3.3: Comparisons of (a) yaw rate; and (b) steer angle responses of the model employing 
AFS control based upon idealized and modified time-delayed reference yaw rate. 
In case of the AIFS control, the corrective steer angle 𝛿𝐶, obtained from Eq. (3.19), must be 
distributed between the inner and outer-wheels considering the available adhesion limit of each 
tire. A performance parameter in terms of the tire work-load 𝑊𝑇 is thus defined in order to 
determine the total force generated at a tire-road interface and its ability to generate additional 
forces [133]. The tire work-load is ratio of the total force developed by a tire to the maximum 








where 𝐹𝑥 and 𝐹𝑦 are the braking/acceleration and cornering forces developed by the tire, 
respectively, 𝐹𝑧 is the normal load and 𝜇 is the tire-road friction coefficient. Since the tire work-
load represents utilization of the available adhesion by each tire, it can be considered as an 
indicator of the tire saturation. An alternate measure for tire’s ability to generate maximum force 






















































could be the saturation slip angle that may also serve as a limiting value for the steer angle 
applied to a wheel. 
An estimate of the saturation zone of each tire may be obtained from normalized cornering 
stiffness 𝑞 of the tire, defined as the ratio of cornering stiffness corresponding to an 
instantaneous slip angle to the linear cornering stiffness. Figure 3.4 presents the instantaneous 
normalized cornering stiffness of a truck tire as a function of tire slip angle for a wide range of 
normal loads. In a critical turning maneuver, the inner wheel of the steered axle will typically 
carry significantly less normal load compared to the outer wheel. As the figure indicates, the 
inner tire will thus approach the saturation zone or its adhesion limit much earlier than the outer 
tire. Since AIFS allows independent steering correction for each wheel, the control strategy 
could be synthesized to limit the steering correction so that none of the wheels approach 
saturation while applying greater steering correction to the outer wheel with greater normal load. 
The controller must also reduce the steering correction applied to the inner wheel to ensure its 
adequate adhesion with the road. In this study, the saturation zone is identified from the 
normalized cornering stiffness (Fig. 3.4) considering the tire work-load, especially that of the 
inner tire which tends to approach saturation relatively quickly. The limiting value of the inner 
tire work-load is chosen as 0.65, which corresponds to the onset of the tire force saturation, 
defined by the normalized stiffness, 𝑞 = 0.3, as seen in Fig. 3.4. The chosen value of the work-
load allows sufficient inner tire force adhesion for developing essential braking/acceleration 
forces at the inner tire-road interface. The resulting slip angle 𝛼∗ at the onset of the saturation 
zone would also depend on the normal load, as seen in Fig. 3.4. For a given normal load, this slip 
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angle, referred to as ‘instantaneous saturated slip angle’ of the inner, is used to obtain the 
limiting value of steer angle, 𝛿𝑙
∗, that may be applied at the inner wheel, such that:  
𝛿𝑙
∗ = 𝛼𝐹𝑙




where 𝑉𝑥 and 𝑉𝑦 are the longitudinal and lateral velocity at vehicle CG. The AIFS controller 
is designed to introduce the corrective steering to both the wheels using the control law defined 
in Eq. (3.19). The steering correction applied to the inner wheel, however, is limited to 𝛿𝑙
∗ to 
ensure not only its adhesion with the road but also to provide sufficient reserve for developing 
braking/.acceleration force.  
 
Figure 3.4: Normalized cornering stiffness and identification of saturation zone of a truck tire. 
3.4 Simulation Results 
Simulations are performed to investigate effectiveness of the AIFS concept for the two-axle 
truck with both non-moving and moving cargo. The steering responses of the truck model are 
obtained for three different loading conditions, while the total cargo load (𝑚𝑐 = 9079.7 kg) is 
held constant: (i) fully loaded tank that also represents rigid cargo with highest CG height (1.56 












































m); (ii) 50%-filled liquid cargo load; and (iii) 50%-filled equivalent rigid cargo load. The last 
two loading conditions yield substantially lower CG height compared to the first loading 
condition. The directional performance characteristics of the vehicle model are evaluated for a 
steady-turning J-turn maneuver (Fig. 3.5) on a dry road (𝜇 = 0.78).  The steer input (Fig. 3.5) is 
applied at 𝑡=1.0 (s) with smoothen rise and saturation at 𝑡=1.5 (s). Table C.2 (Appendix C) 
summarizes the simulation parameters [134]. The simulation results are obtained for the model 
integrating AFS and AIFS controllers, which are subsequently compared with those without an 
active steering control. The results obtained with AFS and AIFS are discussed to assess relative 
potential performance and effectiveness of the AIFS system for trucks, particularly under high 
CG loading and excessive lateral load shift conditions. 
 
Figure 3.5: Steer angle corresponding to a J-turn maneuver.  
3.4.1 Fully loaded truck 
Figure 3.6 presents the lateral acceleration, yaw rate and path responses of the fully loaded 
truck subject to the J-turn maneuver at a forward velocity of 57 km/h. The results are obtained 
for the vehicle model with AFS and AIFS control systems, and without an active steering 
denoted as ‘NC’. The responses are also compared with those attained from the modified 
reference model. The lateral acceleration response in Fig. 3.6(a) may serve as an indicator of the 
































severity of the maneuver for the fully loaded truck considering the rollover threshold 
acceleration limit. The directional responses of the vehicle model with AIFS being identical to 
those with AFS control demonstrate that both control strategies are equally effective in realizing 
the target yaw rate and path responses. The effectiveness of the modified reference model in 
eliminating the response overshoot or oscillations is also evident from the results. The results 
clearly show substantial path deviation in the absence of active steering control, which is 
attributed to understeer nature of the vehicle (understeer coefficient = 0.012 rad).  
 
                                      (a)                                                                     (b) 
 
     (c) 
Figure 3.6: Comparisons of responses of the fully loaded truck with AFS and AIFS control with 
those of the reference model (Ref) and model without active steering control (NC): (a) lateral 
acceleration; (b) yaw rate; and (c) path trajectory.  








































































Although both the active steering strategies achieve the desired target responses, the steered 
wheels in both cases are subjected to considerably different corrective steering and work-loads. 
As discussed earlier, the AFS control applies equal steering correction to both the wheels with no 
consideration of the instantaneous tire loads and tire’s ability to generate lateral and longitudinal 
forces. Under the J-turn steering maneuver at 57 km/h, the AFS control may thus lead to 
saturation of the inner wheel, while the available tire-road adhesion is under-utilized by the outer 
wheel. The AIFS control strategy, on the other hand, applies different steering corrections to the 
right- and left-wheels in an independent manner considering the tire work-load and the inner 
wheel saturation. The tire work-loads during the maneuver are evaluated for both the controller 
synthesis and compared in Fig. 3.7. 
 
Figure 3.7: Comparison of work-loads of steered wheels of the vehicle model with AFS and 
AIFS control. 
The results show that in generating the target response under the given steering input, the 
AFS control yields the inside wheel work-load of about 0.78, while that of the outer wheel is 
only 0.64, suggesting near saturation of the inner wheel and under-utilization of the available 
road adhesion by the outer wheel. The AIFS control, however, achieves the target response 
without any of the wheels reaching near saturation. The tire work-load of both the wheels is 


























comparable and limited to approximately 0.65. The AIFS control thus provides superior active 
steering control compared to the conventional AFS system, as it can retain a reserve capacity for 
both the tires for generation of additional braking/acceleration forces during the maneuver.  
The steer angles developed by both the controllers are also compared in Fig. 3.8. Owing to 
the understeer character of the truck, the AFS controller imposes higher steer angles to both the 
wheels so as to achieve near Ackerman ratio. As a result the inner wheel with reduced normal 
load rapidly approaches force saturation. The AIFS control, however, applies significantly lower 
steer angle to the inner wheel so as to avoid its saturation, while increasing the steer angle of the 
outer wheel. The AIFS control thus reduces the inner tire work-load to the predetermined level of 
0.65. 
 
Figure 3.8: Comparison of steered wheels angle developed with AFS and AIFS control. 
It should be noted that the selected maneuver causes the vehicle to operate very close to its 
rollover threshold limit. This is evidenced from the time-histories of the normal load on each 
wheel of the vehicle model with active steering control (Fig. 3.9). The results suggest substantial 
lateral load shift, where the inner rear wheels approach impending lift-off. A further increase in 
speed would likely cause the truck to roll over. It can therefore be concluded that an active 






























steering control can effectively realize the target vehicle responses at all speeds below the 
vehicle rollover threshold limit. 
 
Figure 3.9: Normal load on each wheel of the vehicle model with active steering control. 
In order to assess the relative significance and benefits of AIFS strategy in relation to AFS, 
simulations were performed at different forward speeds approaching the rollover limiting speed 
of nearly 61 km/h. The results are analyzed to derive the tire work-loads and the steady-state 
responses at different speeds that correspond to the maximum limiting value of the inner tire 
work-load 0.65 (Table 3.1). The results show that both the AFS and AIFS controls track the 
target response at moderate speeds up to 53km/h, where the inner tire work-load remains below 
the limiting value of 0.65. The AFS control coupled with Ackerman geometry may thus be 
preferred until this speed considering its relative simplicity compared to the AIFS control. The 
AFS control, however, causes the inner tire work-load to exceed the limiting value at speeds 
above 52 km/h. The inner tire work-load approaches 0.89 at 60 km/h suggesting very limited 
tire’s ability to generate longitudinal force. The AIFS control, however, satisfies the handling 
performance requirements within the inner tire load limit until the vehicle approaches the 
rollover near 60 km/h by increasing the steer angle of outer wheel to 5.7 degrees and reducing 






















the inner wheel angle to 1.8 degrees. It also needs to be emphasized that the handling 
performance of the vehicle would strongly depend upon the tire-load limit. Increasing the inner 
tire load limit would adversely affect the tire’s ability to generate braking/acceleration force 
during the maneuver. The results further show that both the control strategies yield identical 
steady-state responses of the vehicle in the entire speed range. 
Table 3.1: Comparisons of tire work-loads and steady-state steering responses of the fully loaded 






















50 0.58 0.48 0.56 0.49 5.6 0.39 4.1 4.1 
51 0.61 0.51 0.59 0.52 5.8 0.41 4.1 4.1 
52 0.63 0.53 0.62 0.54 6.0 0.43 4.1 4.2 
53 0.67 0.55 0.65 0.56 6.3 0.44 4.1 4.2 
54 0.70 0.56 0.65 0.58 6.5 0.46 3.8 4.3 
55 0.73 0.59 0.65 0.61 6.8 0.48 3.4 4.4 
56 0.76 0.62 0.65 0.63 7.0 0.50 3.0 4.6 
57 0.78 0.64 0.65 0.66 7.3 0.51 2.6 4.7 
58 0.82 0.67 0.65 0.69 7.6 0.53 2.3 4.8 
59 0.85 0.70 0.65 0.70 7.8 0.55 2.0 5.2 
60 0.89 0.73 0.65 0.73 8.1 0.57 1.8 5.7 
61 0 0 0 0 8.3 0.59 1.6 6.0 
3.4.2 Partially filled tank truck  
The relative effectiveness of the AIFS is subsequently examined for the 50%- filled tank 
truck with and without liquid slosh. The steering responses are evaluated in terms of steady-state 
lateral cargo movement, roll angle, and inner and outer tires normal loads considering 50%-filled 
liquid cargo and equivalent rigid cargo vehicles. The steering responses are initially obtained in 
the absence of active steering control to study the effects of liquid load shift. The simulations 
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were performed using the parameters presented in Table C.2 (Appendix C), including the 
constant cargo load of 9,079.7 kg, and the J-turn maneuver shown in Fig. 3.5 at a forward speed 
of 60 km/h. Figure 3.10(a) illustrates the variations in lateral position of the liquid cargo 
CG (𝑦𝑐), while the roll and yaw rate responses of the 50%-filled liquid and equivalent rigid 
cargo vehicles are shown in Figs. 3.10(b) and 3.10(c), respectively. As expected the steering 
maneuver yields significant lateral movement of the liquid cargo CG, which approaches a peak 
value of 0.35m within the 1 m radius tank. The steady-state lateral load shift is near 0.21 m, 
which causes considerably higher roll motion of the sprung mass compared to the rigid cargo 
vehicle, as seen in Fig. 3.10(b). It has been shown that transient fluid slosh during a steering 
maneuver would cause substantially higher roll angle response, which cannot be predicted from 
the quasi-static model used in this study. The quasi-static fluid slosh model, however, provides 
reasonable accurate estimation of the steady-state response [9]. 
 
                                         (a)                                                                     (b) 
Figure 3.10: Variations in (a) lateral position of the liquid cargo CG; and (b) sprung mass roll 
angle responses of the 50%-filled liquid and equivalent rigid cargo vehicles. 
The higher roll angle response of the liquid cargo vehicle coupled with the lateral cargo CG 
shift (Fig. 3.10) causes substantially higher lateral load transfer compared to the rigid cargo 




















































vehicle, as seen in Fig. 3.11. The results suggest near lift-off of the inner wheels of the liquid 
cargo vehicle. This behavior is of particular interest in this investigation of the active steering 
system, especially the AIFS control. The yaw rate responses of both the liquid and rigid cargo 
vehicles show considerable deviations from the target response (Fig. 3.12). It is interesting to 
note that the greater load shift in the liquid cargo vehicle leads to a steering characteristic that is 
more understeer than the rigid cargo vehicle. A larger steering correction would thus be required 
for the liquid cargo vehicle, which may suggest greater effectiveness of the AIFS control.  
 
                                          (a)                                                                       (b) 
Figure 3.11: Comparison of the inner and outer wheel loads of the 50%-filled liquid and 
equivalent rigid cargo vehicles: (a) front axle wheels; and (b) rear-axle wheels. 
 
Figure 3.12: Comparison of yaw rate responses of 50%-filled liquid and equivalent rigid cargo 
vehicles with the reference model response. 
































































The yaw rate and path responses of the 50%-filled liquid truck incorporating AFS and AIFS, 
subject to the J-turn maneuver at a 58 km/h, are compared in Fig. 3.13 together with the target 
responses. The figure also presents the steering response of the vehicle in the absence of active 
steering control. The results suggest that vehicle can adequately track the target response with 
both AFS and AIFS. The two controller syntheses, however, impose different corrective steering 
angles and thus lead to different work-loads of the inner and outer wheels. The variations in the 
work-loads of the inner and outer tires are illustrated in Fig. 3.14 for both steering controls. 
 
                                          (a)                                                                        (b) 
Figure 3.13: Comparisons of directional response of the 50%-filled liquid cargo truck without 
active steering (NC), and with AFS and AIFS control: (a) yaw rate; and (b) path trajectory.  
 
Figure 3.14: Comparisons of work-loads of the steered wheels of the 50%-filled liquid cargo 
truck with AFS and AIFS control. 





































































These suggest that the inner wheel of the truck with AFS controller approaches saturation 
with steady-state work-load being 0.81. The work-load of the outer wheel, however, is about 
0.67 suggesting underutilization of available tire-road adhesion by the outer wheel. The AIFS 
control, on the other hand, tracks the reference model response while maintaining comparable 
values of the inner and outer wheels work-loads near the limiting value of 0.65. The results show 
that work-load of the inner wheel with reduced normal load reduces to 0.65 at an expense of only 
a slight increase in work-load for the outer wheel with significantly higher normal load. 
Figure 3.15 compares the steer angles of the steered wheels of the vehicle with AFS and 
AIFS control. The corresponding variations in the normal loads on the front and rear wheels are 
shown in Fig. 3.16. Both the control strategies yield identical tire loads variations, even though 
the steer angles are substantially different. The variations in the tire normal loads suggest 
substantial load shift from the inner to the outer wheels due to movement of the liquid cargo. The 
magnitudes of load shifts observed for the 50%-filled vehicle are quite comparable to those 
obtained for the fully loaded truck, shown in Fig. 3.9. It should be noted that the 50%-filled truck 
yields considerably lower CG height that the fully loaded truck.  Considerably lower lateral load 
shift may thus be expected for the 50%-filled truck, while the results show comparable load 
shifts for the 50%-filled and the fully loaded truck. The results thus suggest that the liquid cargo 
load shift tends to offset the performance gain associated with lower CG height. 
The steady-state handling responses of the 50%-filled tank truck with AFS and AIFS control 
are further analyzed to derive work-loads of the steered wheels, steering wheel angles, the roll 
angle and lateral acceleration responses. The results, summarized in Table 3.2, are quite 
comparable with those obtained for the fully loaded truck with substantially high CG (Table 3.1). 
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Both the 50%-filled and fully loaded vehicles also exhibit comparable rollover limit, near 61 
km/h. It is further seen that the inner tire work-load of the vehicle with AFS exceeds the limiting 
value of 0.65 at speeds exceeding 52 km/h, while the outer wheel work-load remains relatively 
low. The inner wheel work-load approaches as high as 0.88 at 60 km/h suggesting very little 
available adhesion for generating longitudinal forces during the maneuver. In case of AIFS, the 
inner tire work-load is limited to 0.65 through adequate distribution of the steering correction 
across the steered wheels. These trends are identical to those observed for the fully loaded rigid 
truck, as seen in Table 3.1.   
 
Figure 3.15: Comparisons of steered wheels angles of the vehicle with AFS and AIFS control. 
 
Figure 3.16: Variations in normal loads of tires of the 50%-filled vehicle with active steering 
control. 


















































Table 3.2: Comparisons of tire work-loads and steady-state steering responses of the 50%-filled 






















51 0.61 0.50 0.59 0.52 5.4 0.41 4.1 4.1 
52 0.63 0.53 0.62 0.53 5.6 0.43 4.2 4.2 
53 0.66 0.56 0.62 0.56 5.8 0.44 3.9 4.3 
54 0.68 0.57 0.65 0.58 6.1 0.46 3.8 4.4 
55 0.72 0.59 0.65 0.61 6.3 0.48 3.5 4.5 
56 0.75 0.62 0.65 0.63 6.5 0.50 3.1 4.6 
57 0.79 0.65 0.65 0.66 6.8 0.52 2.7 4.7 
58 0.81 0.67 0.65 0.68 7.0 0.53 2.3 4.8 
59 0.85 0.70 0.65 0.71 7.2 0.55 1.8 5.0 
60 0.88 0.72 0.65 0.74 7.5 0.57 1.5 5.5 
61 0.92 0.75 0.65 0.76 7.7 0.59 1.5 5.5 
62 0 0 0 0 8.0 0.61 1.3 6.0 
 
The results suggest comparable steady-state responses of both the fully loaded high CG 
vehicle and the 50%-filled liquid cargo vehicle (lower CG). This is evident from the lateral load 
shift (Figs. 3.9 and 3.16), and tire work-load (Tables 3.1 and 3.2) responses of both the vehicles. 
The AIFS control strategy thus yields similar potential benefits for the 50%-filled tank truck, as 
observed for the high CG rigid cargo vehicle. In both cases, the effectiveness of AIFS over the 
AFS is apparent as the former can be designed to maximize the handling performance by 
equalizing the work-loads of the inner and outer wheels. Furthermore, the AIFS continues to be 
effective until the vehicle approaches its rollover limit.  
3.5 Conclusions 
Unlike the active front steering (AFS) system, the Active Independent Front Steering (AIFS) 
strategy applies differential and independent steering corrections to inner and outer wheels 
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considering the normal loads and slip conditions of the individual wheels. It is shown that the 
AIFS strategy is more effective for commercial vehicles, which generally encounter greater 
lateral load shifts during steering maneuvers. The results show improved handling performance 
of a fully-loaded two-axle truck with high CG and that a 50%-filled liquid cargo truck. Both the 
vehicles revealed very similar lateral load shift and handling properties during a J-turn maneuver 
over the entire range of forward speeds up to the rollover limit of the vehicle.  It is shown that, at 
high speed, the AIFS strategy helps limit the inner and outer tire work-loads so as to minimize 
probable saturation of the inner tire by reducing its steering correction and to maximize the 
available tire-road adhesion of the outer tire by increasing its steering correction. The results also 
revealed limitations of the AFS control under large lateral load shifts, where the inner wheel 
approached impending saturation with work-load as high as 0.88 at a speed of 60 km/h, while the 
corresponding outer wheel remained under-utilized. An AFS strategy under such situations 
would thus permit very limited adhesion reserve under a braking/acceleration demand during 
cornering. The AIFS control with predetermined work-load limit of 0.65 on the inner tire would 
permit reasonable reserve for meeting the longitudinal force demands under such a condition. 
Furthermore, the AIFS strategy offers some design flexibility through variations in the limiting 
value of the tire work-load, which may be varied to achieve a desired distribution of cornering 







AN INDEPENDENTLY CONTROLLABLE ACTIVE STEERING SYSTEM 
FOR MAXIMIZING HANDLING PERFORMANCE LIMITS OF ROAD 
VEHICLES 
4.1 Introduction 
A vast majority of vehicle accidents are attributed to driver errors, including poor judgment 
and/or inadequate drivers’ control action and response time, particularly under emergency-like 
situations. The developments in various active safety and driver assist systems (DAS) are thus 
increasingly being emphasized for enhancing road safety and driver comfort by reducing the 
control demands on the driver. Active Front Steering (AFS) systems have been proposed and 
widely investigated during the past decade for improved vehicle handling performance [13]. A 
conventional AFS introduces additional steering corrections in order to track a target handling 
response over a wide range of forward speeds.  
The effectiveness of the AFS systems has been evaluated through both simulations and 
experiments using different control methods [10,55]. The reported studies have invariably shown 
that the AFS strategy offers beneficial handling performance of the vehicle by providing 
substantial yaw disturbance rejection originating from high speed turning or lane-change 
maneuvers or side wind force or braking on roads with asymmetric friction between the left and 
right tires (split-𝜇 condition) [1,135]. Different control algorithms have also been synthesized 
and evaluated to realize robust AFS control under varying vehicle characteristics and 
uncertainties. For instance Zhang et al. [55], investigated robustness of an AFS control using 
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quantitative feedback based on the vehicle yaw rate considering variations in a number of 
uncertain parameters such as vehicle mass, forward speed and road condition. The study 
concluded that the proposed AFS control could yield substantial improvement in the handling 
quality and stability limit of the vehicle. In a similar manner, Mammar and Koeing [136] 
investigated stability limits of the vehicle with an active steering system under a range of 
operating parameters including the road-tire friction, vehicle speed and driver steering input. An 
integrated feed-forward and 𝐻∞ feedback AFS control was subsequently proposed to achieve 
enhanced stability limits under severe road conditions, higher forward speeds, wind force 
disturbances and evasive steering maneuvers. 
A few recent studies have also explored developments in AFS control for commercial 
vehicles. For instance, Kharrazi et al. [61] investigated the effectiveness of the active steering 
control of the towed unit axles of a long combination vehicle in view of its lateral dynamic 
performance. The results obtained through simulations and tests under a series of single and 
double-lane change maneuvers showed considerable damping of yaw velocity, rearward 
amplification (RWA), lateral acceleration and path trajectory responses of the towed unit when 
compared to those without the steering controller. Similarly, McCann et al. [137] investigated the 
application of AFS control for prevention of jackknife of a tractor-semitrailer combination under 
severe driving maneuvers, while considering interference to the driver’s perception. Junjovich et 
al. [62] studied the handling responses of an articulated heavy vehicle incorporating active 
steering at all the trailer axles. The test track results revealed improved performance in terms of 
reduced entrance tail swing, trailer off-tracking, peak lateral force, exit settling distance and tire 
scrubbing. The effect of AFS control on the rollover hazard of vehicles in emergency-type of 
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maneuvers has also been investigated. It was shown that the AFS could yield relatively higher 
rollover threshold of the vehicle at the expense of reduced handling performance and lateral 
stability limit during an evasive maneuver [60,138].  
A number of studies have also proposed integration of Active Front Steering (AFS) systems 
or Active Rear Steering (ARS) systems with differential braking control, referred to as the Direct 
Yaw-moment Control (DYC), to achieve desired stability and handling under high lateral 
acceleration maneuvers, where the steered wheels may approach saturation. Mokhiamar and Abe 
[139] investigated three different combinations of control strategies involving DYC and ARS, 
DYC and AFS, and DYC and ARS together with AFS to achieve enhanced vehicle stability 
under rapid steer inputs. The study concluded that combination of AFS, DYC and ARS control 
would yield better handling and stability performance of the vehicle. In a recent study, Yim et al. 
[38] presented an optimum yaw moment distribution considering combined AFS and DYC 
control together with the actuator saturation nonlinearity. While the integrated AFS and DYC 
control could yield definite performance gains over a broad range of operating conditions, the 
activation of DYC through application of the braking force tends to alter the vehicle speed, 
which would be undesirable especially during an obstacle avoidance maneuver. Furthermore, the 
vehicle equipped with DYC could lead to a level of disturbance and annoyance to the driver due 
to more frequent braking [5]. 
The reported studies have invariably shown beneficial vehicle handling performance with 
AFS under low to moderate lateral acceleration maneuvers. The integrated AFS and DYC 
control, however, has been frequently suggested for moderate to severe directional maneuvers 
[5,38], although the causal factors associated with performance limits of the AFS have not been 
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clearly illustrated. This approach, however, increases the control complexity apart from the 
undesirable effect of DYC in terms of reduction in the forward speed. The AFS control strategy 
is typically designed to introduce corrective measure to the steered wheels without altering the 
steering geometry. Conventional AFS system, therefore, does not consider possible saturation of 
the inside tire that may occur under moderate to severe directional maneuvers in addition to 
probable under-utilization of the available adhesion by the outer tire. The performance of an AFS 
system under moderate to severe maneuvers may be augmented by introducing independent 
variations in the inner and outer wheels steering angle. Such a control strategy, referred to as 
Active Independent Front Steering (AIFS) system, would further permit effective utilization of 
the available adhesion of both the wheels to meet the cornering demand under high-acceleration 
maneuvers [126]. The superior performance potentials of AIFS have been demonstrated for a 
rigid and liquid cargo truck subject to steady-turning maneuvers leading to high magnitudes of 
lateral load transfer [140]. 
The vast majority of the studies on active steering system propose the use of Steer-by-Wire 
(SBW), which has been the focus of a number of studies [106,111]. The concept of SBW, 
however, raises concerns related to reliability and cost due to absence of a mechanical coupling 
between the steering and road wheel. The implementations of steer-by-wire technology in 
production cars have thus been attempted together with a mechanical backup system such as the 
Variable Gear Ratio (VGR) mechanisms applied to the AFS systems. These include the VGR 
actuators based on a planetary gear, variable ratio rack and harmonic drive system [14,114,141]. 
A mechanical AFS system that enables automatic steering interventions without loss of coupling 
between the steering wheel and the road wheel has also been reported [13]. A recent study has 
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also reported a practically realizable fail-safe steering mechanism where the angle of each wheel 
can be controlled independently [117,126].  
In this study, the effectiveness and performance characteristics of an AIFS system are 
evaluated when applied to a commercial vehicle involving high CG and high lateral load 
transfers over a wide range of steering maneuvers involving consistent as well as split-𝜇 road 
conditions. The AIFS strategy is synthesized based on a simple PI controller considering a 
nonlinear yaw-plane model of a two-axle truck with limited roll DOF to realize a target handling 
response. The proposed control strategy permits independent control of each wheel and 
maximum utilization of the available tire-road adhesion.  
4.2 Vehicle Model 
A nonlinear yaw-plane model of a two-axle truck with roll-DOF (Fig. 4.1) is used for 
synthesis and evaluations of the AIFS control. The model is derived considering yaw and lateral 
motions of the vehicle as well as the roll motion of the sprung mass and independent steering of 
the right- and the left-wheels. The lateral force 𝐹𝑌𝑖𝑗  and self-aligning moment 𝑀𝑖𝑗 due to each 
tire are evaluated using the Magic Formula [102] as functions of the instantaneous normal load 
𝐹𝑍𝑖𝑗 and slip angle 𝛼𝑖𝑗. The subscript 𝑖 (𝑖 = 𝐹, 𝑅) refers to front and rear tires, respectively, and 𝑗 
(𝑗 = 𝑟, 𝑙) denotes the right- and left-wheels, respectively. As shown in the figure, ‘RC’ refers to 
roll center of the sprung mass, while 𝜙 denotes the sprung mass roll angle. The equations of 




                              (a)                                                                      (b) 
Figure 4.1: Three-DOF directional dynamic model of a two axle truck: (a) roll-plane and; (b) 
yaw-plane. 
𝑚𝑉(?̇? + 𝑟) − 𝑚𝑠ℎ𝑠?̈? =  𝐹𝑌𝐹𝑟 𝑐𝑜𝑠 𝛿𝑟 + 𝐹𝑌𝐹𝑙 𝑐𝑜𝑠 𝛿𝑙 + 2(𝐹𝑌𝑅𝑟 +𝐹𝑌𝑅𝑙) (4.1) 
(𝐼𝑥𝑠 + 𝑚𝑠ℎ𝑠
2)?̈? − 𝐼𝑥𝑧𝑠?̇? − 𝑚𝑠ℎ𝑠𝑉(?̇? + 𝑟) = (𝑚𝑠𝑔ℎ𝑠 − 𝐾𝜙𝐹 − 𝐾𝜙𝑅)𝜙 − (𝐶𝜙𝐹 + 𝐶𝜙𝑅)?̇? (4.2) 





+ 𝐹𝑌𝐹𝑟(𝑏𝑐𝑜𝑠𝛿𝑟 − 𝑇𝐹 𝑠𝑖𝑛 𝛿𝑟) + ⋯ 
𝐹𝑌𝐹𝑙(𝑏𝑐𝑜𝑠 𝛿𝑙 + 𝑇𝐹 𝑠𝑖𝑛𝛿𝑙) − 2𝑐(𝐹𝑌𝑅𝑟 + 𝐹𝑌𝑅𝑙) 
(4.3) 
In the above equations 𝑉, 𝑟 and 𝛽 are the forward speed, yaw rate and side-slip angle of the 
vehicle, respectively. The longitudinal distances of the front and rear axles from the center of 
sprung mass (CGs) are denoted by 𝑏 and 𝑐, respectively. 𝐼𝑥𝑠, 𝐼𝑥𝑧𝑠 and 𝐼𝑧𝑠 are moments of inertia 
of sprung mass about 𝑥-, 𝑥-𝑧 and 𝑧-axis, respectively, about  CGs, and 𝐼𝑧𝑢 is the total yaw mass 
moment of inertia of the unsprung masses.  
The instantaneous normal load on each tire, 𝐹𝑧𝑖𝑗, is evaluated considering load transfers 
along the longitudinal and lateral axes as functions of the longitudinal (𝑎𝑥) and lateral (𝑎𝑦) 
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(𝐾𝜙𝑅𝜙 + 𝐶𝜙𝑅?̇?) 
(4.7) 
where 𝑇𝑖 (𝑖 = 𝐹, 𝑅) is the half tire track width of axle 𝑖, 𝐿 is vehicle wheelbase, 𝑚𝑠𝑖 and 
𝑚𝑢𝑖(𝑖 = 𝐹, 𝑅) are the front and rear sprung and unsprung masses, respectively, and 𝑚𝑠 is the 
vehicle sprung mass. 
4.3 Control Strategy 
The AIFS control strategy is formulated using a proportional-Integral (PI) feedback 
controller to track the steering response of an idealized reference model while the corrective steer 
angle is based upon maximum utilization of the available tire-road adhesion limits, especially 
during a high lateral acceleration maneuver. The dynamics of the steering actuator is also 
incorporated in the model considering its limited bandwidth. Figure 4.2 illustrates the overall 




Figure 4.2: Schematic of the control structure. 
4.3.1 Controller synthesis 
The nonlinear equations of motion, equations (4.1) to (4.3), are linearized for the purpose of 
developing the control algorithm, using a three-DOF linear model of the vehicle comprising 
lateral, yaw and roll motions. The slip angle generated at the front and rear wheels are 
formulated using the kinematic relations, such that: 
𝛼𝐹 = (𝛿 − 𝛽 −
𝑏
𝑉




The linearized equations of motion for the vehicle model are subsequently obtained 
assuming small angles, as:  
𝑚𝑉(?̇? + 𝑟) − 𝑚𝑠ℎ𝑠?̈? =  2𝐾𝐹𝑜𝛼𝐹 + 4𝐾𝑅𝑜𝛼𝑅 = 2𝐾𝐹𝑜 (𝛿 − 𝛽 −
𝑏
𝑉





2)?̈? − 𝐼𝑥𝑧𝑠?̇? − 𝑚𝑠ℎ𝑠𝑉(?̇? + 𝑟) = (𝑚𝑠𝑔ℎ𝑠 − 𝐾𝜙𝐹 − 𝐾𝜙𝑅)𝜙 − (𝐶𝜙𝐹 + 𝐶𝜙𝑅)?̇? (4.10) 
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where 𝐾𝐹𝑜 and 𝐾𝑅𝑜 are the nominal cornering stiffness of tires. Using the Laplace 















] 𝛿 (4.12) 
where: 
𝑋1 = 𝑚𝑉𝑠 + 2(𝐾𝐹𝑜 + 2𝐾𝑅𝑜),     𝑋2 = 𝑚𝑉 +
2
𝑉
(𝑏𝐾𝐹𝑜 − 2𝑐𝐾𝑅𝑜),       𝑋3 = −𝑚𝑠ℎ𝑠𝑠
2 
(4.13) 




2𝐾𝑅𝑜),       𝑋6 = −𝐼𝑥𝑧𝑠
2 
(4.14) 
𝑋7 = −𝑚𝑠ℎ𝑠𝑉𝑠, 𝑋8 = −𝐼𝑥𝑧𝑠 − 𝑚𝑠ℎ𝑠𝑉 
𝑋9 = (𝐼𝑥𝑠 + 𝑚𝑠ℎ𝑠
2)𝑠2 + (𝐶𝜙𝐹 + 𝐶𝜙𝑅)𝑠 + 𝐾𝜙𝐹 + 𝐾𝜙𝑅 − 𝑚𝑠𝑔ℎ𝑠 
(4.15) 
𝑈1 = 2𝐾𝐹𝑜 , 𝑈2 = 2𝑏𝐾𝐹𝑜 , 𝑈3 = 0 (4.16) 
The transfer function of the vehicle model, 𝑇𝛿
𝑟, relating yaw rate and 𝛿 (Fig. 4.2) is 
subsequently obtained from Eq. (4.12), as:  
𝑇𝛿
𝑟 =
(𝑋6𝑋7 − 𝑋4𝑋9)𝑈1 + (𝑋1𝑋9 − 𝑋3𝑋7)𝑈2 + (𝑋3𝑋4−𝑋1𝑋6)𝑈3
(𝑋1𝑋5𝑋9 − 𝑋1𝑋6𝑋8 − 𝑋2𝑋4𝑋9 + 𝑋2𝑋6𝑋7 + 𝑋3𝑋4𝑋8 − 𝑋3𝑋5𝑋7
 (4.17) 
A PI controller is synthesized to generate a corrective steering so as to achieve the reference 
yaw rate corresponding to the neutral steer condition (𝑟𝑟𝑒𝑓 =
𝑉𝛿𝑠𝑡
𝐿
), which represents the dynamic 
behavior of the vehicle in the linear region and is considered to be predictable by most drivers 
[142]. A first-order lag function is further introduced to represent the steering response delay of 











∗  is the derived reference yaw rate. 
As shown in Fig. 4.2, the steering correction command, 𝛿𝐶, is obtained using the simple PI 
feedback controller, such that: 
𝛿𝐶 = 𝐾𝑃𝛥𝛿𝑠𝑡 + 𝐾𝐼 ∫𝛥𝛿𝑠𝑡 (4.19) 
where 𝐾𝑃 and 𝐾𝐼 are proportional and integral control gains, respectively, the steering 
correction 𝛥𝛿𝑠𝑡 = 𝐾𝑠𝑡𝛥𝑟 is related to the yaw rate error, ∆𝑟 = 𝑟𝑟𝑒𝑓
∗ − 𝑟, and 𝐾𝑠𝑡 is the gain 





The corrective steer angle 𝛿𝐶 is distributed between the inner and outer-wheels considering 
the available adhesion limit of each tire.  
4.3.2 AIFS actuator model  
The corrective steering command from the controller is constrained by the bandwidth of the 




𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛2
 (4.21) 
where 𝜔𝑛 is the bandwidth and 𝜁 is the damping ratio of the steering actuator. It has been 
suggested that an actuator bandwidth of about 6 Hz is required to obtain acceptable performance 
for a single unit truck, while the damping ratio is assumed as 0.7 [134,143].  
Simulations were performed using the time-delayed reference yaw rate, 𝑟𝑟𝑒𝑓
∗ , and the 
actuator dynamics, while the controller gains were selected considering the bandwidth of the 
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steering response of trucks to be 1.5 Hz [134]. In order to ensure a consistent handling behavior 
under different steering frequencies, the PI controller gains are tuned for tracking the target yaw 
rate with cross-over frequency of 1.5 Hz. The controller gains are determined using the closed 
loop transfer function, relating the yaw rate response to the steer input. The PI controller gains 
are subsequently determined by comparing the characteristics equation of the resultant closed-
loop function with the optimum equation based on the minimum ITAE (Integral of Time-
weighted Absolute Error) performance index as reported in [144]. The gains 𝐾𝑃 = 2.48 and 
𝐾𝐼 = 13.55 were found to satisfy this requirement. The distribution of resulting steering 
correction is determined considering the saturation of the inside and outside tires. The controller 
synthesis is thus further refined to ensure that the steering correction is within the bounds defined 
by the saturation limits of the steered wheels, as described in the following section. 
4.3.3 Tire force saturation  
The tire-road adhesion limits are determined using a performance parameter in terms of the 
tire work-load 𝑊𝑇, which is also a measure of the tire’s ability to generate additional force to 
meet possible braking or traction demands, if needed, during a severe steering maneuver [140]. 
The tire work-load is defined as the ratio of the total force developed by a tire to the maximum 









where 𝐹𝑥 and 𝐹𝑦 are the braking/traction and cornering forces developed by a tire, 
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respectively, and 𝜇 is the tire-road friction coefficient. Since the tire work-load represents 
utilization of the available adhesion by each tire, it can be considered as an indicator of the tire 
saturation. An alternate measure for tire’s ability to generate maximum force could be the 
saturation slip angle that may also serve as a limiting value for the steering correction that may 
be applied to a wheel. 
An estimate of the saturation zone of each tire may be obtained from the normalized 
cornering stiffness of the tire (𝑞 =
𝐾𝑖𝑛𝑠
𝐾𝑖𝑛𝑡
), defined as the ratio of the cornering stiffness 
corresponding to the instantaneous slip angle to the initial cornering stiffness [140]. Figure 4.3 
illustrates the normalized cornering stiffness of a truck tire as a function of the tire slip angle for 
a wide range of normal loads. In a critical turning maneuver, the normal load on the inner wheel 
of the steered axle will be significantly lower compared to the outer wheel. As the figure 
indicates, the inner tire would approach the saturation zone or its adhesion limit much earlier 
than the outer tire. Since the AIFS allows independent steering correction for each wheel, the 
control strategy could be synthesized to limit the steering correction so that none of the wheels 
approach saturation. The strategy would thus permit application of a relatively higher steering 
correction to the outer wheel. The controller must also reduce the steering correction to the inner 
wheel to ensure its adequate adhesion with the road. In this study, the limiting value of the inner 
tire work-load is chosen as 0.65, which corresponds to the onset of the tire force saturation, 
defined by the normalized stiffness, 𝑞 = 0.3, as indicated on Fig. 4.3 [140]. This value chosen 
arbitrarily for limiting tire work-load would ensure that sufficient inner tire force adhesion is 
available for developing a braking/traction force in the presence of low normal loads, if needed. 
The resulting slip angle 𝛼∗ at the onset of the saturation zone would also depend on the normal 
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load, as seen in Fig. 4.3. For a given normal load, this slip angle, referred to as ‘saturation slip 









where 𝑉𝑥 and 𝑉𝑦 are the longitudinal and lateral velocities of the vehicle at its CG which 
along with vehicle yaw rate describes the side slip angle of the vehicle. The saturation limits of 
inside tires are subsequently implemented in the AIFS control with the nonlinear vehicle model, 
as seen in Fig. 4.4.  
 
Figure 4.3: Normalized cornering stiffness and identification of the saturation zone of a truck tire 
[140]. 
 
Figure 4.4: The structure of the AIFS control synthesis integrating tire-road adhesion saturation 
limits.  












































4.4 Driver Steering Input  
In order to evaluate the effectiveness of AIFS concept, various pre-defined steering inputs 
are considered in an open-loop manner without any correction by the driver. These include: (i) a 
ramp-step steer input (Fig. 4.5) with 1 s delay, smoothened rise and saturation at 1.5 s, to 
simulate a steady-cornering maneuver; (ii) a lane-change maneuver; and (iii) an obstacle 
avoidance maneuver. The steer angles corresponding to the path change maneuvers are generated 
considering the standardized path coordinates for the given speed [145]. For this purpose, a 
linear vehicle model coupled with an ideal driver model, described by a PID function [146], is 
used to derive the required steering inputs, which are applied to the nonlinear vehicle model with 
AIFS in an open loop manner. The driver function could track the path reasonably well by 
minimizing the lateral position error, which is evaluated assuming a single-point driver preview 
with preview distance 𝐿∗, preview interval 𝑡𝑝 and the vehicle forward speed, as shown in Fig. 
4.6. The lateral path deviation, 𝜀 is obtained from the instantaneous lateral position 𝑦 and yaw 
angle 𝜃 of the vehicle, and the lateral coordinate of the desired trajectory at the preview point 𝑦∗, 
such that [93]: 
𝜀 = 𝑦 + 𝐿∗𝜃 − 𝑦∗ (4.24) 
 
Figure 4.5: Ramp-step steer input.  






























Figure 4.6: Driver path preview model coupled with the linear vehicle model. 
Figure 4.7(a) illustrates the desired vehicle path for the single lane-change maneuver and the 
corresponding ideal steering input that is dependent on the vehicle forward speed. The time-
history of the steer angle is shown in Fig. 4.7(b) for a forward speed of 83 km/h on a dry uniform 
friction road (𝜇=0.78). 
Figure 4.8 shows the path coordinates for the obstacle avoidance maneuver and the time-
history of the steer angle at a speed of 83 km/h on the same road (𝜇=0.78), which is obtained 
from the linear vehicle model coupled with the ideal driver model. The resulting time histories of 
the steering inputs, shown in Figs. 4.7(b) and 4.8(b) are applied to the non-linear vehicle model 
with AIFS for assessing the effectiveness of the AIFS under different steering maneuvers. 
  
                                       (a)                                                                        (b) 
Figure 4.7: (a) Desired path trajectory; and (b) steer angle corresponding to a single-lane change 
maneuver derived from the ideal driver model (83 km/h). 
















































                                       (a)                                                                        (b) 
Figure 4.8: (a) Desired trajectory; and (b) steer angle corresponding to an obstacle avoidance 
maneuver derived from the linear vehicle model coupled with the ideal driver model.  
4.5 Results and Discussion 
The steering responses of the truck model are evaluated to assess the effectiveness of the 
AIFS relative to a conventional AFS system under the three steering maneuvers described above. 
The responses are also obtained in the absence of an active steering, which are denoted as ‘NC’. 
The responses obtained with AIFS and AFS are also compared with the reference model (target) 
response to assess their relative effectiveness. The simulation parameters are listed in the Table 
C.2 (Appendix C).  
4.5.1 Ramp-step steering maneuver  
The steady-turning response characteristics of the vehicle model with AFS, AIFS and 
without the active steering, are evaluated using the ramp-step input (Fig. 4.5) on a uniform dry 
road (𝜇=0.78) and on a split-𝜇 road condition (𝜇𝑟=0.78, 𝜇𝑙=0.4). In case of split-𝜇, the lower 
friction is assigned to the inner tire-road interface. Figure 4.9 compares the yaw rate and path 
responses of the model with conventional AFS, AIFS and without active steering (NC) at a 
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relatively high forward speed of 57 km/h for both uniform and split-𝜇 road surfaces. The figures 
also show the target responses. The results show that both the AFS and AIFS yield identical 
responses and can effectively tracks the target response, irrespective of the road surface friction. 
The results further show that there are substantial deviations in these responses when there is no 
control, which is attributed to understeer nature of the vehicle.  
  
                                        (a)                                                                     (b) 
Figure 4.9: Comparisons of yaw rate and path trajectory of the truck model with conventional 
AFS and AIFS control and without control (NC) with those of the reference model (Ref): (a) yaw 
rate; and (b) path trajectory under uniform and split-𝜇 road conditions at 57 km/h. 
The steer angles generated by AFS and AIFS together with the tires’ workload performance 
are presented in Figs. 4.10 and 4.11, respectively, for both the uniform and split-𝜇 road surfaces. 
It is evident that the AFS control imposes higher steer angles of both the wheels in order to 
realize the target (Fig. 4.10(a)), which tends to be even higher for the split-𝜇 surface (Fig. 
4.10(b)). The AFS applies the steering corrections without the considerations of the tire’s ability 
to generate the desired cornering force and thus it could lead to saturated inner tire as it is seen 
from the work load in Fig. 4.11. The AIFS system, on the other hand, limits the tire work load to 
the chosen upper limit of 0.65. Furthermore, the AIFS yields substantially lower steering of the 
inner wheel with its reduced normal load, which is compensated by an increase in the steer angle 













































at the outside wheel. For the given maneuver on the split-𝜇 surface, AIFS reduced the inside 
steer angle to zero in order to maintain the workload limit of 0.65, while the target was realized 
by a moderate increase in the angle of the outside wheel. The results clearly demonstrate that the 
independent steering control strategy equalizes the work-load of both the steered wheels for the 
range of the road surface conditions considered, and ensures an adhesion reserve for generating 
additional traction/braking force, if required. The conventional AFS control, however, would 
lead to a saturated inner tire under the same maneuvers, while the adhesion at the outer tire will 
remain relatively under-used.  
Figure 4.12 compares the side-slip angles developed at each front tire of the vehicle model 
employing the two control strategies. These results further show that the AFS control yields 
comparable slip angles of both the tires on both road surfaces, while the slip angle generated at 
the inner tire of the AIFS controller is dictated by the tire-road adhesion limit.  
  
                                        (a)                                                                       (b) 
Figure 4.10: Front inner and outer wheel angle of the model on a (a) uniform; and (b) split-𝜇 
road condition with conventional AFS and AIFS control (57 km/h). 



























































                                         (a)                                                                       (b) 
Figure 4.11: Front inner and outer wheels work-load of the model on a (a) uniform; and (b) split-
𝜇 road condition with conventional AFS and AIFS control (57 km/h). 
  
                                         (a)                                                                      (b) 
Figure 4.12: Front inner and outer wheels slip angle of the model on a (a) uniform; and (b) split-
𝜇 road condition with conventional AFS and AIFS control (57 km/h). 
The relative responses of the vehicle model with AFS and AIFS are further evaluated for 
different speeds. Table 4.1 summarizes the responses in terms of yaw rate, turning radius, lateral 
acceleration, roll angle and the body slip angle for speeds ranging from 40 to speed 
corresponding to vehicle rollover (61 km/h). The results are presented for both the uniform and 
split-𝜇 road surfaces. Both the control strategies showed identical steady-state directional 
responses on both road surfaces, although AFS and AIFS controls approached to substantially 











































































































different steer angles and tire work-loads, as illustrated in Table 4.2. 
Table 4.1: Steady-state directional responses of the truck with conventional AFS and AIFS 
control on a uniform and split-𝜇 surfaces. 













40 [11.1] 12.77 49.83 0.25 3.58 -0.88 -0.97 
45 [12.5] 14.37 49.83 0.32 4.53 -1.71 -1.85 
48 [13.3] 15.32 49.83 0.36 5.16 -2.32 -2.50 
51 [14.2] 16.28 49.83 0.41 5.82 -3.04 -3.23 
52 [14.4] 16.60 49.83 0.43 6.06 -3.32 -3.50 
53 [14.7] 16.92 49.83 0.44 6.29 -3.61 -3.78 
54 [15.0] 17.24 49.83 0.46 6.53 -3.93 -4.08 
57 [15.8] 18.20 49.83 0.51 7.28 -5.04 -5.08 
60 [16.7] 19.15 49.83 0.57 8.06 -5.85 -5.85 
61 [16.9] Vehicle rollover  
 
Table 4.2: Variations in steady-state angles and workloads of the inside and outside wheels with 
increasing forward speed of the vehicle model with AFS and AIFS subject to a steady-turning 
maneuver on a uniform and a split-𝜇 road surface. 
Uniform Road (𝛿𝑠𝑡=4 deg) Split-𝜇 Road (𝛿𝑠𝑡=4 deg) 
Control 
Conventional 
AFS,  𝑊𝑇 



































40 [11.1] 0.35 0.30 0.35 0.30 4.12 3.96 4.12 3.96 0.63 0.31 0.63 0.31 4.15 3.98 4.15 3.98 
45 [12.5] 0.45 0.39 0.45 0.39 4.17 4.00 4.17 4.00 0.76 0.40 0.62 0.43 4.22 4.05 3.20 4.30 
48 [13.3] 0.52 0.44 0.52 0.44 4.21 4.05 4.21 4.05 0.84 0.46 0.62 0.49 4.30 4.12 2.52 4.46 
51 [14.2] 0.60 0.50 0.60 0.50 4.29 4.12 4.29 4.12 0.91 0.52 0.62 0.55 4.34 4.16 1.77 4.62 
52 [14.4] 0.63 0.52 0.63 0.52 4.33 4.15 4.33 4.15 0.93 0.55 0.63 0.57 4.38 4.20 1.50 4.66 
53 [14.7] 0.66 0.54 0.65 0.55 4.37 4.19 4.21 4.22 0.97 0.57 0.65 0.59 4.43 4.24 1.34 4.71 
54 [15.0] 0.69 0.57 0.65 0.57 4.42 4.24 3.90 4.32 0.96 0.59 0.65 0.61 4.48 4.29 1.04 4.77 
57 [15.8] 0.78 0.64 0.65 0.65 4.65 4.45 2.77 4.63 1.00 0.66 0.65 0.67 4.72 4.51 0.00 5.00 
60 [16.7] 0.89 0.72 0.65 0.72 5.93 5.60 1.93 5.68 1.04 0.72 0.65 0.73 5.17 4.92 -0.79 5.79 
61 [16.9] Rollover Rollover 
 
It is evident that the conventional AFS system achieves the target response for the 
understeer vehicle by increasing the steer angles at the wheels while maintaining the pro-
Ackerman geometry. Consequently, the AFS control causes saturation of the inner wheel at 
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speeds above 52 km/h on the uniform road surface and at a substantially lower speed on the split-
𝜇 surface (𝑊𝑇>0.65), as seen in Table 4.2. The available tire-road adhesion, however, is under-
utilized by the outer wheel up to relatively higher speeds, particularly in case of the split-𝜇 
surface. Unlike the conventional AFS control, the AIFS applies steering correction following 
pro-Ackerman geometry only until the inner tire reaches the predefined work-load. Unequal 
steering corrections are then applied to the inner and outer wheels, while limiting the inner wheel 
work-load to the pre-defined limit of 0.65, shown as highlighted columns in Table 4.2. The AIFS 
control also applies relatively greater correction to the outer wheel so as to increase the tire-road 
adhesion utilization. The AIFS thus not only provides superior active steering control, it affords a 
reserve capacity for both the tires for generation of additional braking/traction forces during the 
maneuver, if required. The superiority of the proposed AIFS control over the conventional AFS 
system is more evident from the results presented for split-𝜇 road surface. These results clearly 
demonstrate significant advantage of AIFS control during a severe maneuver, when tire-road 
friction level is relatively low and non-uniform.  
The higher steering correction applied to the outer wheel by the AIFS control permits 
considerable reduction in the steer angle of the inner wheel, which is either saturated or is near 
saturation at higher speeds. For example, under the turning maneuver at 60 km/h on the uniform 
road surface, the AIFS control applies slightly higher outer wheel steer angle (5.68 degrees) 
compared to the AFS control (5.60 degrees), which allows substantially lower inner wheel steer 
of 1.93 degrees compared to 5.93 degrees in case of the AFS control. For the maneuver 
conducted on the split-𝜇 road condition with lower friction at the inner tire, the conventional 
AFS causes inner tire saturation at speeds above 40 km/h, while the AIFS limits the inner tire 
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work-load to the desired value by reducing its steer angle gradually with increasing speed, as 
seen in Table 4.2. The inner wheel steer angle reduces 0 degree at 57 km/h. The target response 
in this case is realized by increasing the outer tire steer angle from 4.51 to 5 degrees.  
Figure 4.13 illustrates the time histories of the inner and outer wheels’ steer angles and the 
resulting tire work-loads, attained for the proposed AIFS control at speeds corresponding to 
onset of the inner wheel saturation (52 km/h) and when both the wheels approach the limiting 
value of the work load (57 km/h). On the uniform friction road surface, the inner tire work-load 
approaches 0.63 at 52 km/h, prior to its saturation, and consequently the controller maintained 
the inner and outer wheels angles following pro-Ackerman steering ratio. This, however, resulted 
in significantly different work-loads of the inner and outer wheels, which remain below the 
selected threshold value. Subsequently, at 57 km/h, the AIFS introduces anti-Ackerman steering 
by imposing significantly larger steering angle to the outer wheel than the inner wheel. The 
results suggest comparable tire work-loads for both wheels, while the reduced cornering force at 
the inner tire is compensated by increasing the outer tire cornering for realization the target 
response. 
 
                                         (a)                                                                       (b) 
Figure 4.13: Comparisons of the inner and outer wheels (a) steering angles; and (b) work-loads 
of the model with AIFS control at 52 km/h and 57 km/h on a uniform road. 



















































4.5.2 Single-lane change maneuver 
Figure 4.14 illustrates the handling responses of the vehicle model without and with active 
steering control (AFS and AIFS) in terms of yaw rate and path trajectory under the lane-change 
maneuver conducted at 83 km/h on a dry road (𝜇=0.78). Relatively high speed of 83 km/h for 
lane change was selected to generate a severe turning maneuver where the tire work-load of the 
inner wheel in each cycle would reach close to saturation. 
  
                                         (a)                                                                     (b) 
Figure 4.14: Comparisons of (a) yaw rate; and (b) path trajectory responses of the vehicle model 
without active steering (NC), and with conventional AFS and AIFS control (Lane-change 
maneuver at 83 km/h). 
The results are attained for the steering input estimated from the linear model, as shown in 
Fig. 4.7(b). The figures also show the target path, reference model yaw rate and responses of the 
model without the active steering (NC).The results suggest that both the AFS and AIFS can 
effectively track the desired path, while the responses of the model without active steering 
exhibit substantial deviations from the desired path.  
The two active controller syntheses, however, exhibit notable differences in the corrective 
steering angles and thereby the peak work-loads of the inside and outside wheels (left- and right-
wheels depending upon the direction of the steering input), as seen in Fig. 4.15. The work-load 
of the inside wheel of the model with conventional AFS approaches the saturation zone during 














































the initial steering cycle, which is evident from its workload approaching 0.78, as seen in Fig. 
4.15(a). The corresponding work-load of the outer or the right-wheel, shown in Fig. 4.15(b), is 
about 0.64 suggesting slight underutilization of the available tire-road adhesion by the outer 
wheel. The AIFS control, on the other hand, tracks the reference model response while 
maintaining comparable values of the inner and outer wheels work-loads near the limiting value 
of 0.65. The results further show that the work-load of the inner wheel reduces to 0.65 at the 
expense of only slightly higher work-load of the outer wheel. From the variations in the wheels 
angles, shown in Fig. 4.15(c), it is evident that both the controllers impose substantially higher 
steer angles to realize the target response. 
  
                                         (a)                                                                       (b) 
 
                                                                              (c) 
Figure 4.15: Variations in work-loads of the (a) left-; and (b) right-steered wheels; and (c) the 
corresponding steer angles developed with conventional AFS and AIFS (Lane-change maneuver 
at 83 km/h, uniform road). 
















































































Figure 4.16(a-c) shows the work-load and steer angle responses of the left- and right-wheels 
for the given maneuver on split-𝜇 surface (𝜇𝑟=0.78, 𝜇𝑙=0.5) while realizing the same target as 
presented in Fig. 4.14. While the AFS control generates the increase in wheel angles following 
the Ackermann geometry throughout the steering cycle, the AIFS controller yields relatively 
lower steering correction to the inside (left) wheel during the first cycle in order to limit the tire-
work load to 0.65. At the same time, the AIFS controller imposed higher correction to the 
outside wheel in order to track the desired path. The AIFS leads to anti-Ackerman geometry near 
the extreme values of steering angles in order to limit the tire work-load to predefined value. 
  
                                      (a)                                                                       (b) 
 
                                                                              (c) 
Figure 4.16: Variations in work-loads of the (a) left-; and (b) right-steered wheels; and (c) the 
corresponding steer angles developed with conventional AFS and AIFS (Lane-change maneuver 
at 83 km/h, split-𝜇 road). 
















































































4.5.3 Double-lane change maneuver 
Figure 4.17 illustrates the yaw rate and path responses of the vehicle models with AFS and 
AIFS control subject to the standardized double lane-change maneuver at 83 km/h on the dry 
road (𝜇=0.78).  The results are obtained under the steering input estimated from the linear model 
coupled with an ideal driver tracking the desired path trajectory, as described in Figs. 4.8(a) and 
4.8(b). It is evident that both the AFS and AIFS controls can effectively track the desired 
trajectory reasonably well, as observed in the case of lane-change and steady-turning maneuvers. 
The vehicle model without the active steering control, however, exhibits substantial path 
deviations and path divergence, which is attributable to high vehicle CG and high lateral load 
transfer during the maneuver. 
 
                                           (a)                                                                    (b) 
Figure 4.17: (a) Yaw rate; and (b) path trajectory responses of the vehicle model without active 
steering (NC), and with conventional AFS and AIFS (double lane-change at 83 km/h). 
Despite tracking the target responses well, the two steering control strategies yield notable 
differences in the peak tire work-load generated, as it was observed under the lane-change 
maneuver. As illustrated in Figs. 4.18(a) and 4.18(b), the conventional AFS control causes the 
left- and right-wheels approach the saturation zone during the first and second cycle of the 
steering input. Relatively greater saturation of the left (outer) and right- (inner) wheels is evident 












































during the initial and second steering cycles, respectively. Consequently, the intervention of the 
AIFS for limiting the right wheel work-load during the second cycle is particularly more 
significant. The same trend is also evident from the time history of steering angles generated by 
the two control strategy as illustrated in Fig. 4.18(c). The AIFS controller was observed to 
generate anti-Ackerman steering geometry around the extreme peak steer angles, where the 
lateral load transfer was most significant. The severity of this trend is more evident from the 
results presented for split-𝜇 road surface (𝜇𝑟=0.78, 𝜇𝑙=0.5), as shown in Fig 4.19(a-c). These 
results also demonstrate significant advantage of AIFS control over the AFS system when tire-
road friction is low or non-uniform. 
  
                                            (a)                                                                    (b) 
 
                                                                               (c) 
Figure 4.18: Work-loads of the (a) left; (b) right steered wheels; and (c) the corresponding steer 
angles developed with conventional AFS and AIFS (double lane-change maneuver at 83 km/h, 
uniform road). 
























































































                                          (a)                                                                      (b) 
 
                                                                              (c) 
Figure 4.19: Work-loads of the (a) left; (b) right steered wheels; and (c) the corresponding steer 
angles developed with conventional AFS and AIFS (double lane-change maneuver at 83 km/h, 
split-𝜇 road). 
The results demonstrate that the proposed AIFS control strategy can enhance the handling 
performance of a vehicle under both the steady and transient steering maneuvers including the 
double lane change. Its effectiveness is particularly meritorious under the lane-change and 
evasive maneuvers conducted at relatively higher speeds, as the vehicle encounters higher lateral 
load transfers. The most notable merit of the AIFS compared to AFS lies in its ability to provide 
sufficient tire-load reserve so as to enable the tire to develop braking/traction forces during a 
relatively severe directional maneuver.  

























































































The directional performance potentials of the Active Independent Front Steering (AIFS) 
system are evaluated using a nonlinear yaw-plane model of a two-axle truck. The AIFS control 
strategy is synthesized based on a simple PI controller in order to track the steering response of 
an idealized reference model. Simulation results are obtained for a truck model integrating AFS 
and AIFS systems subjected to a range of steering maneuvers, namely: a J-turn maneuver, path 
change and obstacle avoidance maneuvers on uniform as well as split-𝜇 road condition. Unlike 
the conventional Active Front Steering (AFS), the proposed AIFS system permits maximum 
utilization of the available tire-road adhesion at both the steered wheels, while eliminating 
potential of tire saturation. The AIFS could thus lead to improved handling performance under 
severe maneuvers through unequal distribution of steering correction over the inside and outside 
wheels when required. The results also show that the AIFS can be designed to maintain a desired 
tire-work load over the entire range of speed up to the vehicle rollover limit. The results obtained 
for various maneuvers on different surface conditions suggest that independent steering control 
strategy is desirable under severe maneuvers and once a threshold value of tire workload is 
reached at the inner tire. It is therefore suggested that the AIFS control strategy should be 
designed to generate proportional steer angle for the inner and outer wheels following pro-
Ackerman geometry until a threshold value for the inner tire workload is reached. Beyond which 
the proposed independent control may be applied to enhance the active steering system 
performance limit. At higher speeds, the same active controller may be designed to enhance the 
rollover threshold by relaxing the target requirement at the expense of directional control. This 
potential is not explored in this investigation. The most meritorious feature of the AIFS lies in 
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the fact that it can provide a target response under severe maneuvers while equalizing the 
workloads at the steered wheels. The results thus suggest that the performance of an AIFS 
system would be highly promising under more severe maneuvers involving simultaneous braking 
and steering, since it permits a desired adhesion reserve at each wheel to meet a braking demand 


















BRAKING AND STEERING PERFORMANCE ANALYSIS OF A ROAD 
VEHICLE WITH ACTIVE INDEPENDENT FRONT STEERING (AIFS) 
5.1 Introduction 
The vehicle handling performance benefits of active front steering (AFS) systems have been 
widely investigated through both simulations and experiments [45,55]. The reported studies have 
invariably shown that the AFS strategy offers beneficial handling performance by providing 
substantial yaw disturbance rejection originating from high speed turning or lane-change 
maneuvers or side wind forces. The AFS systems are designed to apply corrective steering 
angles to realize a target handling response under ranges of steer angle and forward velocity. The 
steering corrections, however, are applied to both wheels having fixed geometrical ratio, which 
may cause saturation of the inside wheel and under-utilization of the available adhesion at the 
other wheel. It has been shown that application of independent steering corrections to the two 
steered wheels could yield significant improvement in the handling performance during high 
speed maneuvers [140,147]. The steering corrections in the reported studies were established 
considering the tire saturation limits in terms of the tires’ workload. The concept, referred to as 
active independent front steering (AIFS) could yield target responses that are either similar to or 
better than the conventional AFS. Furthermore, AIFS would ensure sufficient adhesion reserve at 
each wheel for generating a longitudinal force, when needed in an emergency-type maneuver. 
The AIFS could thus be beneficial in realizing enhanced braking performance during a steering 
maneuver. While the majority of the studies on AFS have suggested the use of steer-by-wire 
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(SBW), a few studies have expressed concerns related to high cost and reliability due to lack of 
mechanical coupling between the steering and the road [106]. A mechanical system based on 
tandem planetary gear systems that can be readily adapted for AIFS control has been proposed 
by Farazandeh et al. [126]. 
The studies reporting handling performance analyses of AFS systems have mostly 
considered steering inputs in the absence of braking. The effectiveness of the AFS systems under 
braking during steering maneuvers or braking in a straight line driving in the presence of 
asymmetric friction between the left and right tires (split-𝜇 condition) have been investigated in 
only a few studies [1,49,135]. A severe braking input during turning may impose considerable 
demands on both the driver’s skill and the vehicle performance, which is largely dependent on 
the road adhesion level available at the tire-road interface. During an emergency-type braking-in-
turn maneuver, such as that encountered while avoiding a potential collision, it is essential to 
ensure handling and stability limits so as to limit the vehicle path deviations to minimum, while 
minimizing the stopping distance by realizing maximum deceleration. Application of braking 
while turning may cause the resultant friction demand to approach the available adhesion limit 
leading to tire saturation. In such situations, the vehicle can no longer be steered along the 
desired path and it may exhibit a directional instability. A number of studies have shown the loss 
of directional stability and spin-out, as the vehicle changes from understeer to a limit oversteer 
condition under a hard braking input [47,148]. These have also emphasized the need to distribute 
the braking force based on the load of each wheel to achieve effective steering operation, 
particularly with the novice drivers [149]. El-Gindy [150] suggested to limit the friction demand 
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during steering to a maximum of 80% so as to allow a safety margin for additional tractive or 
braking effort requirements, particularly for the drive-axles of the heavy vehicle combinations. 
 In the AFS design, the inner wheel may approach saturation and thereby provide limited 
braking force, while the adhesion available at the outer wheel would be under-utilized. Several 
studies have demonstrated the effectiveness of different active chassis systems in realizing 
greater stability limits during combined braking and steering maneuvers under a range of driving 
conditions [151-153]. These include the AFS, active rear steering (ARS), four wheel steering 
(4WS) and yaw moment-based vehicle stability systems with differential braking control namely, 
DYC (direct yaw-moment control) and ESP (electronic stability program). Xia et al. [151] 
investigated the maneuverability and stability of the conventional front wheel steering (FWS) 
and four wheel steering (4WS) vehicles using a non-linear bicycle model under an obstacle 
avoidance maneuver involving a panic braking together with the steering input. The study 
concluded enhanced stability limit and shortest stopping distance of the vehicle with the closed-
loop 4WS based on the vehicle yaw rate and front wheel steer angle compared to that with open-
loop 4WS or FWS. More recently, Tardy [47] examined the directional performance of a vehicle 
with AFS and rear wheel steering (RWS) under different maneuvers with and without a driver 
model using a PI controller based on the yaw rate feedback. Both controllers showed significant 
improvement in the vehicle responses to hard braking during turning or lane change maneuvers, 
while the AFS with the driver model revealed limited performance due to driver delays. 
Anstrom [153] investigated the stability of a hybrid electric vehicle with a proportional yaw 
rate controller for distributing the front-right and left motor torques as well as anti-lock braking 
control systems (ABS). The study showed improved responsiveness and stability limit of the 
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vehicle in terms of yaw rate, and longitudinal and lateral accelerations during braking-in-turn 
maneuvers but relatively higher stopping distance due to the ABS control. Hancock et al. [142] 
compared the yaw stability limit of a vehicle with an active brake control (ABC) with that of an 
active rear differential using distribution of driveline torque, under braking-in-turn and lane 
change maneuvers. The ABC was judged undesirable during braking at a high lateral 
acceleration turning maneuver, which was attributed to application of braking torque via the rear 
inside wheel prior to the brake application in order to generate the required yaw moment during 
turning. The rear inside tire thus rapidly approached saturation under braking. The study thus 
suggested the use of the active rear differential, which generating the required yaw moment 
through two wheels instead of the single wheel. Nuessle et al. [148] assessed the active safety of 
the vehicle equipped with an electronic stability program (ESP) through tests under acceleration 
in a turn on both high- and low friction roads, and braking in a turn at high speeds. The ESP 
controller compensated the vehicle oversteering tendency by applying the brake force mainly 
through the outside wheel to simultaneously realize the required yaw rate. The brake pressure on 
the rear wheels with lower normal load was also limited so as to increase the vehicle stability. 
The aforementioned studies have emphasized the enhancement of stability and/or braking 
performance of vehicles using different active chassis control systems. Only limited efforts, 
however, have been made towards realizing a target handling response, while simultaneously 
maximizing the braking performance. This study investigates the braking efficiency and handling 
characteristics of a road vehicle equipped with the AIFS system under a wide range of braking-
in-turn maneuvers and different road adhesion coefficients, including the split-𝜇 roads. The 
response characteristics are compared with those of the vehicle with the conventional AFS. The 
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sensitivity of the AIFS controller responses are further evaluated under variations in selected 
vehicle design parameters. The robustness of the AIFS control synthesis is also evaluated 
considering variations in the tire properties, external disturbances and tires interactions with 
roads with asymmetric friction properties. 
5.2 Vehicle Dynamic Modeling 
A directional dynamic model of a heavy truck is considered for the analysis of braking and 
steering performance of the AIFS, since it could lead to large lateral load shift during a turn and 
thus potential tire saturation. The vehicle model in the yaw-plane with limited roll degree-of-
freedom (DOF), and incorporating lateral and longitudinal load transfers, was judged adequate to 
study the independent steering control of the left and right wheels. Figure 5.1 illustrates the 8-
DOF model of a two-axle truck in the yaw and roll planes.  
 
Figure 5.1: Full vehicle model for braking and turning maneuver. 
The model is formulated considering the longitudinal, lateral, yaw and roll motions of the 
vehicle and rotational motions for each of the four wheels. As shown in the figure, 𝛿𝑟 and 𝛿𝑙 
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refer to two independent steering inputs applied to the right- and left-wheels, respectively. The 
high magnitude load transfers coupled with severe braking/steering maneuvers also necessitated 
a nonlinear tire model.  
The “Magic Formula” tire model is applied to describe the longitudinal (𝐹𝑋𝑖𝑗) and lateral 
(𝐹𝑌𝑖𝑗) forces, and self-aligning moment 𝑀𝑖𝑗  (𝑖 = 𝐹, 𝑅;  𝑗 = 𝑟, 𝑙) properties of the tire as functions 
of the normal load (𝐹𝑍𝑖𝑗), slip angle (𝛼𝑖𝑗), longitudinal slip ratio (𝜆𝑖𝑗) and road-tire friction 
coefficient (𝜇). The subscript, 𝑖 = 𝐹, 𝑅, denotes the front and rear wheels, respectively, while 𝑗 =
𝑟, 𝑙, referes to right- and left-wheels. The equations of motions describing the longitudinal, 
lateral, roll and yaw motions of the vehicle may be expressed as: 
In the above equations 𝑉𝑥 and 𝑉𝑦 are the longitudinal and lateral velocities; and 𝜙 and 𝑟 are 
the roll angle and yaw rate of the vehicle, respectively. The longitudinal distances of the front 
and rear axles from the center of sprung mass (CGs) are denoted by 𝑏 and 𝑐, respectively. 𝑇𝑖 
(𝑖 = 𝐹, 𝑅) is the half tire track width of axle 𝑖. 𝑚 and 𝑚𝑠 are the total and sprung masses of the 
vehicle, respectively, while hs is the CG height of the sprung mass from the roll center. 𝐼𝑥𝑠, 𝐼𝑥𝑧𝑠 
𝑚(?̇?𝑥 − 𝑟𝑉𝑦) + 𝑚𝑠ℎ𝑠?̇?𝑟 = 
−𝐹𝑌𝐹𝑟 𝑠𝑖𝑛 𝛿𝑟 − 𝐹𝑌𝐹𝑙 𝑠𝑖𝑛 𝛿𝑙 + 𝐹𝑋𝐹𝑟 𝑐𝑜𝑠 𝛿𝑟 + 𝐹𝑋𝐹𝑙 𝑐𝑜𝑠 𝛿𝑙 + 2𝐹𝑋𝑅𝑟 + 2𝐹𝑋𝑅𝑙 (5.1) 
𝑚(?̇?𝑦 + 𝑟𝑉𝑥) − 𝑚𝑠ℎ𝑠?̈? = 
𝐹𝑌𝐹𝑟 𝑐𝑜𝑠 𝛿𝑟 + 𝐹𝑌𝐹𝑙 𝑐𝑜𝑠 𝛿𝑙 + 2(𝐹𝑌𝑅𝑟 +𝐹𝑌𝑅𝑙) + 𝐹𝑋𝐹𝑟 𝑠𝑖𝑛 𝛿𝑟 + 𝐹𝑋𝐹𝑙 𝑠𝑖𝑛 𝛿𝑙 − 𝐹𝑤 (5.2) 
(𝐼𝑥𝑠 + 𝑚𝑠ℎ𝑠
2)?̈? − 𝐼𝑥𝑧𝑠?̇? − 𝑚𝑠ℎ𝑠(?̇?𝑦 + 𝑟𝑉𝑥) = (𝑚𝑠𝑔ℎ𝑠 − 𝐾𝜙𝐹 − 𝐾𝜙𝑅)𝜙 − (𝐶𝜙𝐹 + 𝐶𝜙𝑅)?̇? 
 
(5.3) 





+ 𝐹𝑌𝐹𝑟(𝑏𝑐𝑜𝑠𝛿𝑟 − 𝑇𝐹 𝑠𝑖𝑛 𝛿𝑟) + ⋯ 
𝐹𝑌𝐹𝑙(𝑏𝑐𝑜𝑠 𝛿𝑙 + 𝑇𝐹 𝑠𝑖𝑛𝛿𝑙) − 2𝑐(𝐹𝑌𝑅𝑟 + 𝐹𝑌𝑅𝑙) + 𝐹𝑋𝐹𝑟(𝑏𝑠𝑖𝑛 𝛿𝑟 + 𝑇𝐹 𝑐𝑜𝑠𝛿𝑟) − ⋯ 




and 𝐼𝑧𝑠 are moments of inertia of sprung mass about 𝑥-, 𝑥-𝑧 and 𝑧-axis, respectively, about  CGs, 
and 𝐼𝑧𝑢 is the total yaw mass moment of inertia of the unsprung masses.  
The model is subjected to side force excitation, 𝐹𝑊, due to cross wind and 𝑒𝑊  is the yaw 
moment arm, the distance between the geometric center and the CG coordinate along the x-axis. 
The instantaneous normal load on each tire is expressed in terms of longitudinal (𝑎𝑥) and lateral 







(𝑚𝑠ℎ𝑐𝑔𝑠 + 𝑚𝑢𝐹ℎ𝑢𝐹 + 𝑚𝑢𝑅ℎ𝑢𝑅) ± ⋯ 
𝑎𝑦
𝑛𝑇𝑖
(𝑚𝑠𝑖ℎ𝑖𝑟𝑜𝑙𝑙 + 𝑚𝑢𝑖ℎ𝑢𝑖) ±
1
𝑛𝑇𝑖
(𝐾𝜙𝑖𝜙 + 𝐶𝜙𝑖?̇?) 
(5.5) 
where, 𝑊𝑖(𝑖 = 𝐹, 𝑅) is the total load on front and rear axle, while 𝑛= 2 for the front and 𝑛=4 
for rear axle tires. 𝐿 is the vehicle wheelbase, and  𝑚𝑠𝑖 and 𝑚𝑢𝑖(𝑖 = 𝐹, 𝑅) are the front and rear 
sprung and unsprung masses, respectively. As shown in Fig. 5.1, ℎ𝑐𝑔𝑠 is the CG height of the 
sprung mass from the ground, ℎ𝑖𝑟𝑜𝑙𝑙 is the sprung roll center height and ℎ𝑢𝑖(𝑖 = 𝐹, 𝑅) is the 
unsprung mass CG height from the ground. The lateral (𝐹𝑌𝑖𝑗) and longitudinal forces (𝐹𝑋𝑖𝑗), and 
the aligning moments (𝑀𝑖𝑗) developed at each wheel, in equations (5.1) to (5.4), are computed 
using “Magic Formula” [102] as functions of the normal load 𝐹𝑍𝑖𝑗, longitudinal slip ratio 𝜆𝑖𝑗 and 
slip angle 𝛼𝑖𝑗, given by (Fig. 5.2): 




























                                                            (a)                          (b) 
Figure 5.2: (a) Tire slip angle; and (b) rotational dynamics of the wheel. 
Furthermore, the equation of the angular motion of each wheel is given by: 
𝐼𝑤?̇?𝑖𝑗 = −𝑅𝑤𝐹𝑋𝑖𝑗 + 𝑇𝑖𝑗 (5.9) 
where 𝐼𝑤 is mass moment of inertia of each wheel, 𝛺𝑖𝑗 is angular velocity and 𝑇𝑖𝑗 = 𝑇𝑑𝑖𝑗 −
𝑇𝑏𝑖𝑗 is the net torque considered as the difference between the driving 𝑇𝑑𝑖𝑗 and braking 𝑇𝑏𝑖𝑗 
torques. The braking torque applied to wheel 𝑗 of axle 𝑖, is computed as a function of the total 
torque 𝑇𝑏 and the ideal braking torque distribution factor 𝑘𝑏𝑖 of the front and rear axles. 
Moreover, the gain 𝑘𝑏𝑅𝑗
∗  is applied to rear wheels to ensure that these wheels do not lock-up 
during braking, such that [7]: 














where ℎ𝑐𝑔 is the overall CG height of the vehicle. 
5.3 Controller Synthesis and Method of Analysis 
A detailed synthesis of the AIFS controller has been presented in [140,147]. Briefly, the 
AIFS control strategy was synthesized using a proportional-integral (PI) yaw rate feedback 
controller to generate a corrective steering, 𝛿𝑐, based on tracking a reference yaw rate response 
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corresponding to the neutral steer condition. A first-order lag function was further introduced to 
compensate for the steering response delay of the vehicle. The dynamics of the steering actuator 
was also incorporated in the model considering its limited bandwidth. In addition to realizing the 
target response, the corrective steer angle for a given wheel generated by the AIFS controller was 
limited by the available tire-road adhesion based on the instantaneous normal load. The tire-road 
adhesion limits were determined using a performance parameter in terms of the tire work-load 
(𝑊𝑇), defined as the ratio of the total force developed by a tire to the maximum available tire 
force based on the road adhesion limit and the normal load, where the total force is estimated 







During a high lateral acceleration maneuver, the normal load on the inner wheel of the 
steered axle will be significantly lower compared to the outer wheel. The inner tire may thus 
approach the saturation zone or its adhesion limit much earlier than the outer tire. Since the AIFS 
allows independent steering correction for each wheel, the control strategy was synthesized to 
limit the steering correction so that none of the wheels approach saturation. The AIFS control 
strategy in general reduces the steering correction to the inner wheel while applying relatively 
higher steering correction to the outer wheel in order to ensure the target response. The limiting 
value of the inner tire work-load was chosen as 0.65 for realizing the target handling responses to 
different steering inputs [140,147]. This value permitted for a reasonable adhesion reserve for 
developing tractive or braking force that may be needed in emergency-type of maneuvers 
involving simultaneous braking and steering. The limiting value of the tire work-load was 
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identified from the nonlinear cornering characteristics of the tire. A schematic of the control 
structure is summarized in Fig. 5.3. In this figure, the steering correction 𝛥𝛿𝑠𝑡 = 𝐾𝑠𝑡𝛥𝑟 is related 
to ∆𝑟, the yaw rate deviation from the reference value 𝑟𝑟𝑒𝑓
∗ , and the gain 𝐾𝑠𝑡 =
𝐿
𝑉
, defined as the 
ratio of the wheelbase to the vehicle velocity. The external disturbance caused by side wind force 
is also considered in the model structure.  
 
Figure 5.3: Schematic of the AIFS control structure. 
In the present study, a wheel slip controller is integrated to the above AIFS controller such 
that the rear wheels do not approach lock-up during a hard braking input. For this purpose, the 
rear axle brake gain factor 𝑘𝑏𝑅𝑗
∗  (𝑗 = 𝑙, 𝑟) is defined as a function of the longitudinal wheel slip 
and the road-tire friction coefficient 𝜇. Owing to wide variations in the road surface friction 
coefficient, a generalized gain function is defined considering the lower and upper limits of the 








1,                             𝑖𝑓 𝜆𝑅𝑗 ≤ 𝜆𝐿
𝜆𝑈 − 𝜆𝑅𝑗
𝜆𝐿
,                   𝑖𝑓 𝜆𝐿 < 𝜆𝑅𝑗 < 𝜆𝑈
0                                        𝑖𝑓 𝜆𝑅𝑗 ≥ 𝜆𝑈
 
(5.12) 
The lower and upper limiting values of the longitudinal slip are taken as 0.15 and 0.3, 
respectively, for road surface with adhesion coefficient above 0.5, and 0.05 and 0.1 for low 
friction roads (𝜇 ≤0.5). The vehicle model together with the AIFS controller was analyzed under 
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different braking-in-turn maneuvers and road surface coefficients in the Matlab/Simulink 
platform, as illustrated in Fig. 5.4. The simulations were performed considering a standardized 
braking-in-turn maneuver, where a sudden braking input was applied in an open-loop manner 
while the vehicle is negotiating a constant-speed steady-state turn of specified lateral 
acceleration, as described in ISO-14794 [145]. For this purpose, a PI controller is introduced to 
track the desired vehicle speed so as to apply controlled driving torque 𝑇𝑑, distributed between 
right- and left-wheels of the drive-axle. The simulation parameters were taken as those of a two-
axle truck, which are summarized in the Table C.2 (Appendix C).  
 
                                                                            (a) 
 
                                       (b)                                                                     (c) 
Figure 5.4: Simulink diagrams illustrating: (a) the full vehicle model; (b) AIFS controller block; 
and (c) the brake system model. 
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The standardized test permits the assessment of the effects of braking on course-holding and 
directional behavior of a vehicle, in particular, the sensitivity of vehicle’s yaw response to 
braking. The results are obtained mainly in terms of path deviation (lane keeping), stopping 
distance, deceleration and rollover limit. In this investigation, the maneuver is initiated with a 
constant-speed steady turn steering input, as shown in Fig. 5.5(a). After a period of 10 seconds, a 
braking torque, 𝑇𝑏, is applied in a ramp-step manner with rise time of 1 s, as shown in Fig. 
5.5(b). The braking torque, however, is limited to 20% longitudinal slip ratio (𝜆∗ = 0.2) for the 
front wheels on a dry road. This in general corresponds to the peak tire force generated during 
braking. At a relatively high speed of 57 km/h and a steering input of 4 degrees, 𝑇𝑏= 5580 Nm 
resulted in 𝜆∗ =0.2 for the front inner wheel of the vehicle equipped with AFS. 
  
                                        (a)                                                                    (b) 
Figure 5.5: (a) Steer angle; and (b) braking torque during the braking in a turn maneuver. 
Figure 5.6 compares the longitudinal slip ratio developed at the inner wheels of the vehicle 
with conventional AFS and AIFS systems under the inputs described in Fig. 5.5 and 𝜇=0.78. The 
figure also shows the rear wheels slip ratio. Furthermore, it is necessary to maintain certain 
tractive force at the rear wheels in order to maintain the constant forward speed during steady 
turning prior to application of the braking torque. These results further show that the front tire of 
the vehicle equipped with AIFS develops the least slip ratio and could thus accommodate 










































relatively higher braking torque before reaching the slip ratio limit. This is attributed to the fact 
that AIFS, by its design, limits the work-load at the inner tire during turning and thereby permits 
sufficient adhesion reserve. 
 
Figure 5.6: Comparisons of longitudinal slip ratios of the inside tires of the vehicle with AFS and 
AIFS control (𝑇𝑏=5580 Nm, 𝜇=0.78 at 57 km/h). 
Braking-in-turn simulations are carried out considering a range of road-tire adhesion levels 
at the highest possible vehicle speed prior to the potential rollover (57 km/h for 𝜇=0.78). A 
parametric study is also carried out to verify the performance limits of the AIFS for a range of 
operating conditions such as vehicle weight and location of vehicle center of gravity. In all cases, 
the performance characteristics of the AIFS system are compared with those of the conventional 
AFS control to highlight the potential merits of the AIFS control.  
5.4 Results and Discussions 
Table 5.1 compares the braking-in-turn performance of the vehicle with AFS, AIFS and in 
the absence of the steering control (NC) in terms of the stopping time and distance on road 
surfaces with 𝜇=0.78 and 𝜇=0.5 at speeds of 57 and 52 km/h, respectively. Lower speed for the 




































low friction road is considered to ensure safer handling response, where the inner tire work-load 
approached 0.94 for the vehicle with the AFS control. The table also presents the maximum 
braking torque that could be applied prior to the front inner tire reaching the limiting value of the 
slip ratio in each case. The slip ratio for the dry road was limited to 0.2 and 0.125 for the low 
friction road. The results suggest that the vehicle without the steering control can be given 
considerably larger braking torque than the conventional AFS, which would lead to shorter 
stopping time. This is, however, achieved at the expense of poor directional control and 
relatively larger radius turn compared to the active steering systems. The stopping distances for 
the vehicle without the control are thus not presented in the table. An opposite trend, however, is 
evident on the low friction road. The results show that the AIFS control allows significantly 
larger braking torque for both the road surfaces, when compared to the AFS. As a result, the 
AIFS yields over 17% reduction in the stopping distance compared to the conventional AFS. The 
AIFS could thus lead to superior handling performance under braking during a turn.  
Table 5.1: Comparisons of the braking characteristics of the vehicle with conventional AFS, 
AIFS and without steering control (NC) on two different road surfaces (𝛿𝑠𝑡 = 0.07 rad). 
Adhesion coefficient, 
vehicle speed and 
longitudinal slip ratio 
limit 
𝜇 =0.78; 𝑉=57 km/h; 
𝜆∗ = 0.2 
𝜇 =0.5; 𝑉=52 km/h; 








Max 𝑇𝑏, Nm 6270 5580 6945 4020 6575 8155 
Stopping time, s 7.7 8.6 7.1 9.1 6.4 5.4 
Stopping distance, m NA 69.3 58.9 NA 49.3 27.9 
 
Further in-sight on the relative performances of the steering controllers can be obtained from 
the time histories of the selected directional responses. Figure 5.7 illustrates variations in the path 
trajectory, yaw rate, forward speed, and longitudinal and lateral acceleration responses of the 
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vehicle with the two steering controllers. The path trajectory and yaw rate responses of the 
vehicle without the steering control are also presented. The results show that the vehicle without 
control cannot achieve the target response (Figs. 5.7(a) and 5.7(b)), while both the active steering 
systems yield similar direction responses, except that the AIFS can be given larger braking 
torque leading to lower stopping distance while closely following the handling target. This is 
evident from the forward speed and longitudinal acceleration responses in Figs. 5.7(c) and 
5.7(d).  
 
                                          (a)                                                                  (b) 
 
                                       (c)                                                                        (d) 
Figure 5.7: Comparisons of directional responses of the vehicle with conventional AFS and AIFS 
control and without steering control: (a) path trajectory; (b) yaw rate; (c) longitudinal velocity; 
and (d) longitudinal and lateral accelerations (𝑉=57 km/h, 𝜇=0.78).  




























































































Although both the active control strategies track the target path and the yaw rate for the 
given steering input, major differences exist between the two systems in terms of how the target 
response is realized and the effect of braking immediately after the brakes are applied. Figure 5.8 
presents the time histories of the corrective steering angles generated by AFS and AIFS, and the 
resulting tire work-loads of the steered wheels. The conventional AFS system increases the steer 
angles at both the wheels considering the fixed pro-Ackerman geometry in order to realize the 
target response at a given speed, as seen in Fig. 5.8(a). The oscillations in the steer angles are 
observed immediately following the braking application (𝑡 ≥ 10s) as the speed decreases and the 
vehicle tends to deviate slightly from the target path. As the vehicle speed becomes very low, 
little or no steering correction is required for tracking the target. 
The AIFS control, on the other hand, generates the steer angles following anti-Ackerman 
geometry to track the target response, while limiting the inner tire work-load to a predefined 
level of 0.65 during constant speed turning. The work-load of the inner steered tire tends to be 
considerably higher with the AFS control, as seen in Fig. 5.8(b). The work-load limit of 0.65 was 
chosen for AIFS to ensure sufficient adhesion reserve to meet the braking demand [140,147]. 
The oscillations in the steer angles occur following the application of braking to compensate for 
the reduced speed of the vehicle. The AIFS correction, however, follows the pro-Ackerman ratio 
similar to the AFS control, when steady braking torque is achieved. The peak inner tire work-
load approaches near 1 for both systems, although the AIFS imposes considerably higher braking 
torque compared to the AFS corresponding to the slip limit of 20%, as seen in Table 5.1. 
Considerable differences in the inner wheel slip angle and slip ratio are further evidenced in 
Fig. 5.9. While the front wheel slip angles of the vehicle with AFS and AIFS controllers differ 
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considerably, the inner wheels of both the systems approach the limiting longitudinal slip ratio. 
The longitudinal slip ratios of the outer tire with significantly larger normal load, however, 
approach a very low value near 0.03. It should be pointed out that no attempt is made maximize 
the braking performance of the vehicle equipped with the AIFS system.  
 
                                        (a)                                                                      (b) 
Figure 5.8: Inner and outer wheels (a) steer angle; and (b) work-load responses of the vehicle 
models with conventional AFS and AIFS control (𝑉=57 km/h, 𝜇=0.78).  
 
                                        (a)                                                                       (b) 
Figure 5.9: Comparisons of (a) tire slip angle; and (b) longitudinal slip ratio responses of the 
vehicle model with conventional AFS and AIFS control (𝑉=57 km/h, 𝜇=0.78). 
 



















































































































5.4.1 Effect of road friction 
The effectiveness of the AIFS is examined for a range of road-tire adhesion coefficients 
considering uniform as well as split-𝜇 road conditions at different forward speeds (𝑉 =50, 54 
and 57 km/h). For the given steady turn input, the braking responses of the vehicle are evaluated 
in terms of maximum brake torque and stopping time for uniform and split-𝜇 road conditions 
with adhesion coefficient ranging from 0.5 to 0.9. Simulations are performed considering the 
maximum allowable braking torque corresponding to the inner front tire slip ratio (λ∗) along with 
ideal braking force distributions, which are summarized in Table 5.2.  
Table 5.2: Critical slip ratio and braking distribution for different road adhesion coefficients 
(𝛿𝑠𝑡 = 0.07 rad) 
Adhesion coefficient 𝜆∗ 𝑘𝑏𝐹  𝑘𝑏𝑅 
0.9 0.25 0.83 0.17 
0.78 0.20 0.78 0.22 
0.6 0.15 0.70 0.30 
0.5 0.125 0.66 0.34 
Split-road 
0.78/0.5 
0.15 0.66 0.34 
 
Figure 5.10 compares the maximum braking torque and the stopping distance responses of 
the vehicle model with the AFS and AIFS for different forward speeds: 50, 54 and 57 km/h. As it 
would be expected, the braking effort that can be applied decreases with decreasing adhesion 
coefficient or increasing handling demand. The AIFS outperforms the conventional AFS system, 
irrespective of the road adhesion coefficient considered in the simulation. The effectiveness of 
the AIFS system on a dry road surface, however, is evident only at the higher speed. The AIFS 
system yields relatively better barking performance compared to the AFS system on lower 
friction roads. For instance, the maximum brake torque for the AIFS is 57.7% larger than that of  
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𝜇 = 0.9 
 
𝜇 = 0.78 
 




Figure 5.10: Comparisons of maximum brake torque and stopping time of the vehicle model with 

































































































































































the AFS for road surface with adhesion coefficient of 0.6, while the stopping time is 32.2% 
lower. Furthermore, the braking performance of the vehicle with AIFS on the split-𝜇 road 
surface, with lower friction at the inner tire, is very similar to that on a uniform low friction 
surface. 
Despite the substantial gains in the maximum braking torque and thereby the stopping 
distance on low friction surfaces, as seen in Table 5.1 and Fig. 5.10, the AIFS control yields 
handling responses similar to those of the vehicle with the conventional AFS. In the absence of 
the steering control, the vehicle maneuver on road surface with 𝜇=0.5 develops very high side-
slip angle and tends to become unstable, as seen in Fig. 5.11. Both the active steering systems, 
however, yield comparable side-slip angle and path tracking performance. Further simulation 
results obtained for a braking-in-turn maneuver on road surfaces with 𝜇 ≤0.2 revealed that the 
baseline vehicle tends to be less understeer. Consequently, the active steering controllers would 
be more beneficial in reducing the steer angles at higher speeds. The relative advantages of the 
AIFS over the AFS would thus diminish for very low friction surfaces. 
  
                                       (a)                                                                        (b) 
Figure 5.11: Comparisons of (a) side-slip angle; and (b) path trajectory of the vehicle model 
without active steering (NC), conventional AFS and AIFS control on a low friction road 
(𝜇 = 0.5, 𝑉=52 km/h). 
















































5.4.2 Vehicle weight and mass center coordinates  
It has been shown that the AIFS is particularly beneficial in situations leading to greater load 
transfers [140]. The AIFS response characteristics are thus investigated considering variations in 
the vehicle load, and longitudinal and vertical coordinates of the mass center (CG). Figure 
5.12(a) illustrates the variations in the steering demand of the vehicle with AIFS in order to track 
the target responses during a braking and turning maneuver under three different load conditions: 
full-load, half-load and no-load. As the results show, the steer angles required for the half-load 
and no-load cases are significantly lower, which also lead to significantly lower inside wheel 
tire-work load (Fig. 5.12(b)). The results clearly demonstrate the increasing oversteer tendency 
of the vehicle as the load is decreased. 
  
                                         (a)                                                                       (b) 
Figure 5.12: Comparisons of (a) steered wheel angles; and (b) inner tire work-load developed 
with AIFS for different loading conditions (𝑇𝑏=6945, 𝑉 =57 km/h and 𝜇 =0.78). 
The AIFS yields greater performance gains for vehicles with relatively higher load transfers, 
which are strongly dependent upon the mass center coordinates (CG). The effects of variations in 
the CG coordinates are thus investigated for the fully loaded baseline truck. Simulation results 
obtained for the nominal vehicle (ℎ𝑐𝑔 = 1.56 m) at 57 km/h revealed vehicle rollover for 


























































𝑏<1.91 m (longitudinal distance between the front axle and the CG) and oversteer response for 
𝑏>2.07 m. The braking performance characteristics of the vehicle are thus evaluated for these 
extreme values of 𝑏, which are summarized in Table 5.3 in terms of the braking torque 
corresponding to limiting slip ratio and the stopping time. The second column lists the responses 
of the fully-loaded baseline vehicle, which show over 24% higher braking torque and 17% lower 
stopping time for the AIFS compared to the AFS control. The results suggest that the brake 
torque and stopping time of the vehicle with AIFS are, respectively, nearly 32% higher and 21% 
lower than that of the vehicle with AFS, when the CG shifted only slightly forward from 1.98 m 
to 1.91 m. Shifting the CG towards the rear axle (𝑏=2.07 m) deteriorated the barking 
performance of the both the steering controllers, which is attributed to oversteer behavior of the 
vehicle. In this situation, the advantage of AIFS over the AFS is relatively less significant. The 
AFS control resulted in nearly 11% lower brake torque and 7% higher stopping time compared 
to the baseline vehicle and accordingly, the corresponding changes with the AIFS control are 
nearly 18% and 17%.  
The influence of CG height on the relative braking performance of AFS and AIFS control is 
also evaluated considering a lower CG height (ℎ𝑐𝑔=1.34 m) and the higher limiting speed of 62 
km/h. The results are also obtained for the lower speed of 57 km/h and summarized in Table 5.3. 
Reducing the CG height diminishes the lateral load transfer and thereby the performance gains of 
the AIFS control. The performance benefits of the AIFS are evident when the speed is increased 
to 62 km/h, which is due to higher load transfer. The AIFS control in this case yields nearly 24% 
lower stopping time and 40% higher brake torque compared to the AFS control. The results 
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confirm that the AIFS control is more beneficial under more severe maneuver conditions that 
cause greater load transfers. 
Table 5.3: Effect of variations in CG height and longitudinal coordinate on the stopping time and 
brake torque of the vehicle with AFS and AIFS control (𝛿𝑠𝑡 = 0.07 (rad), 𝜇 = 0.78). 
Speed (km/h) 57 57 57 62 
𝑏 1.98  
1.56 
1.91 2.07 1.98 
ℎ𝑐𝑔 1.56 1.34 
Steering control AFS AIFS AFS AIFS AFS AIFS AFS AIFS AFS AIFS 
Stopping time (s) 8.6 7.1 8.4 6.6 9.2 8.3 5.0 4.6 9.0 6.8 
Braking torque (kNm) 5.6 6.9 5.9 7.8 5.0 5.7 10.3 11.2 5.5 7.7 
 
5.4.3 Robustness of the AIFS control 
Apart from the variations in the operating parameter, a road vehicle is often subjected to 
undesired external disturbances and design parameters uncertainties. The robustness of the 
simple PI controller synthesis used in this study is evaluated considering uncertainties in a 
vehicle parameter through sensitivity analyses. In particular, the analysis is performed 
considering variations in the tire cornering stiffness, which is widely known to be less certain 
[55]. The sensitivity of the AIFS control to variations in a vehicle parameter is investigated using 
the additive perturbation control method, where a parametric uncertainty is described by a 
perturbation function 𝛥𝑀(𝑠) bounded in magnitude to obtain the transfer function of the 
perturbed system, as [144]: 
𝑀∗(𝑠) = 𝑀(𝑠) + 𝛥𝑀(𝑠) (5.13) 
where 𝑀(𝑠) is the open loop transfer function incorporating the transfer functions of the 
plant 𝐷(𝑠) and the controller 𝐷𝑐(𝑠) in a closed-loop unity feedback arrangement, as seen in Fig. 
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5.13(a). 𝑀∗(𝑠) is the transfer function of the perturbed system.  
It is assumed that 𝑀∗(𝑠)  and 𝛥𝑀(𝑠) have the same number of poles in the right-hand side 
in the 𝑠-plane, if any. The stability of the system will be retained in the entire frequency range, 
provided:  
|𝛥𝑀(𝑗𝜔)| < |1 + 𝑀(𝑗𝜔)| 
(5.14) 
where 𝜔 is the frequency. The relative sensitivity 𝑆 of the closed-loop system 𝑁 to a 








where ∆𝐷 and ∆𝑁, respectively, denote the changes in plant transfer function 𝐷(𝑠), and the 





Equations (5.14) and (5.15) yield following relation between the sensitivity and perturbation 







                           (a)                                                                     (b) 
Figure 5.13: (a) Unity-feedback plant and controller functions; and (b) closed-loop system 
integrating the AIFS controller and actuator model. 
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Figure 5.13(b) shows the transfer function of the system comprising the vehicle model, the 
PI controller and the AIFS actuator model 𝐻𝑎. The closed-loop transfer function of the system 
then could be defined considering nominal cornering stiffness, while the variations in the tire 
cornering stiffness could be expressed by a bounded perturbation function. 
The sensitivity analysis and the controller robustness is investigated considering 
±80% variations in the front and rear tires’ stiffness, ranging from 34 to 306 kN/rad and 23 to 




. The nominal cornering 
stiffness of each front and rear tires are taken as 170 and 115 kN/rad, respectively. The stability 
limit of the closed loop system is evaluated in the 0.01 to 10 rad/s frequency range considering 
the above-stated variations in the cornering stiffness. Figure 5.14 illustrates the magnitude 
responses of the perturbation function 𝛥𝑀(𝑗𝜔) corresponding to minimum and maximum values 
of tires’ cornering stiffness.  
 
Figure 5.14: The robust stability criterion showing magnitudes of the perturbation function with 
maximum and minimum tire cornering stiffness. 
The figure also presents the inverse sensitivity function, 1/𝑆(𝑗𝜔), of the closed-loop system 
with nominal tires’ cornering stiffness. It is evident that the magnitudes of the perturbation 
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functions are less than those of the inverse sensitivity function over the entire frequency range 
considered. It can thus be concluded that the controller synthesis would assure stability of the 
closed-loop system over a wide range of variations in the tire cornering stiffness. The simulation 
results also revealed varying the stiffness beyond 80% would violate the stability criterion.  
5.4.4 Disturbance rejection 
Disturbance attenuation performance of the controller is further examined in the presence of 
a side wind force as well as straight-line braking on a split-𝜇 surface (left track- 𝜇𝑙 =0.2; right-
track- 𝜇𝑟 =0.78. Although 𝜇 is not an input to the system, it may change arbitrarily depending on 
change in road condition. A change in this parameter is thus considered as a disturbance to the 
system. For the straight line driving maneuvers, a simple driver model, described by a PID 
function [146], was integrated in the vehicle model. The gains of driver model were tuned 
considering an average driver with minimal driving effort such that 𝐾𝑃 = 0.02, 𝐾𝐼 =
0.01 and 𝐾𝐷 = 0.01. The cross-wind disturbance was described by a 8 kN impulse force with 
3.5 s duration and center of pressure located 0.5 m ahead of the vehicle mass center so as to 
impose a yaw moment disturbance. Figure 5.15 compares the lateral path deviation of the vehicle 
models with AIFS and without a steering controller (NC), when subjected to the side force at 
forward speeds of 80 and 120 km/h on a road with 𝜇 =0.78. The results clearly illustrate 
beneficial performance of the AIFS control in limiting the side-wind disturbance effect, 
irrespective of the vehicle speed considered. The AIFS control thus yields enhanced directional 
stability compared to the performance that may be expected from the driver model representing 
an average driver. 
The lateral path deviations of the vehicle models with AIFS and without the steering control, 
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while braking on a split-𝜇 road surface are compared in Fig. 5.16. The results are obtained 
considering 𝑇𝑏=6000 Nm and 𝑉= 100 km/h. The results suggest that in the absence of the AIFS 
there exist the potential for instability during braking on split-𝜇 surface at a high speed even with 
simple driver model. The proposed AIFS controller, however, effectively tracks the desired path 
and compensates for the destabilizing moment.  
  
                                        (a)                                                                       (b)  
Figure 5.15: Comparisons of the lateral path deviations of the vehicle models with AIFS and 
without a steering control (NC) under a 8 kN side force disturbance: (a) 𝑉= 80 km/h; and (b) 𝑉= 
120 km/h. 
 
Figure 5.16: Comparison of path deviations of the vehicle models with AIFS and without a 
steering control (NC) under braking on a split-𝜇 surface (𝑉= 100 km/h, 𝑇𝑏=6 kNm). 
 
 




















































The performance gains of the active independent front steering (AIFS) system are 
investigated under braking through simulation of a nonlinear three-dimensional model of a two-
axle truck. The AIFS control strategy was synthesized using a proportional-integral (PI) yaw rate 
feedback controller to generate corrective steering of the left and right wheels through tracking 
of the reference yaw rate. The steering corrections were synthesized considering the tires 
saturation limit, while ensuring sufficient adhesion reserve for meeting the braking force 
demand. The effectiveness of the AIFS system was evaluated under braking-in-turn maneuvers 
for a range of road-tire adhesion limits at the highest vehicle speed prior to the potential rollover. 
The AIFS control permitted greater braking torque and thereby resulted in substantially lower 
stopping time compared to the conventional AFS system. The results suggested that the 
independent control of steer angles could yield improved braking performance of a heavy vehicle 
compared to the AFS, particularly at higher speeds. The effectiveness of the AIFS on dry road 
surfaces was apparent only at very high speeds representing braking during extreme handling 
maneuvers. The AIFS control however revealed superior braking performance on low friction 
surfaces. From the simulation results, it was further concluded that the AIFS control could yield 
enhanced braking performance during extreme maneuvers on all the road surfaces provided that 
the vehicle handling characteristics remain understeer. The AIFS revealed performance similar to 
that of the AFS when the vehicles characteristics become less understeer, which is due to 
reduced steering correction demand of the less understeer or oversteer vehicle. The AIFS 
controller synthesis also revealed stability of the closed-loop vehicle system over a wide range of 




CONCLUSIONS AND RECOMMENDATIONS 
6.1 Highlights and Major Contributions of the Dissertation Research 
This dissertation research contributes towards the development of a comprehensive active 
chassis control system for enhancement of safety performance of road vehicles under 
emergency-type steering and braking maneuvers. The study particularly focused on an active 
steering system that could realize near optimal cornering and braking/traction force distributions 
between the two steered wheels while realize a target response. An extensive critical review of 
recent developments in active chassis system technologies demonstrated the limitations of 
conventional active front steering (AFS) system under extreme maneuvers. Although AFS 
integrated with direct yaw-moment control (DYC) by selective braking have been shown to 
improve the performance range, several related disadvantages and drawbacks have also been 
reported. The present investigation thus proposed an innovative alternative active steering system 
using Active Independent Front Steering (AIFS) concept that could introduce a corrective steer 
angle at each wheel in an independent manner. A PI controller was synthesized to generate 
corrective steer angle for the left- and right-wheels such that the work-load at the steered tires 
were nearly equal ensuring reserve for longitudinal force capability if required. The study is 
conducted through extensive simulations of a four-wheel vehicle model with the controller to 
examine the effectiveness of the AIFS during extreme maneuvers over a wide range of operating 
conditions. The study was next extended to examine the effectiveness of the proposed concept 
for braking in a turn performance of a heavy vehicle under different conditions. The robustness 
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of the controller was also tested for possible uncertainties. A mechanical system design that can 
be adapted for implementation for the AIFS concept was finally explored in this investigation. 
The major highlights of the dissertation work are summarized below, which is followed by 
specific conclusions drawn and recommendations for future studies. 
 A four-wheel yaw plane model incorporating the effects of lateral and longitudinal load shifts 
was developed to study the concept of AIFS where independent steering of the right- and the 
left-wheels could be assigned. Limited validation was carried out by comparing the results 
with those of CarSim and ADAMS.  
 The nonlinear tire model for the vehicle was formulated using “Magic Formula” where the 
coefficients were established based on actual experimental data acquired from other research 
groups for car and truck tires. The capability of the model to include the interaction between 
the longitudinal and the lateral forces generated under combined braking and steering inputs 
was retained.  
 The AIFS control strategy for equalizing work-load was formulated using a PI feedback 
controller to track the reference yaw rate corresponding to the neutral steer condition. The 
dynamics of the steering actuator was incorporated in the model considering its limited 
bandwidth. A first-order function was also used to compensate for the system delay and 
making the simulation response to change more realistic.  
 Upon identification of the inner and outer wheel during a maneuver, the synthesized 
controller distributed the correction between the inner and outer wheels based on maximum 
utilization of the available tire-road adhesion limits. Normalized cornering stiffness was thus 
introduced to identify the saturated slip angle based on instantaneous normal load on tire. By 
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tuning this parameter, tire work-load equal to 0.65 was chosen as the limit for inner tire 
saturation with an objective of near equalizing the tire work-loads.  
 In view of preliminary results and sensitivity to load transfer, the model was extended to 
simulate heavy cargo truck to examine the effects of load as well as partially-filled liquid 
cargo on the effectiveness of AIFS. 
 Extensive simulation results were obtained for the truck model integrating with conventional 
AFS control and the proposed AIFS systems subjected to a range of steering maneuvers, 
namely: a J-turn maneuver on uniform and split-𝜇 road condition, as well as path change and 
obstacle avoidance maneuvers to demonstrate the effectiveness of AIFS during extreme 
cases. 
 For the purpose of the combined braking in a turn study, a single-unit truck model with 8-
DOF was formulated including the longitudinal, lateral, yaw and roll motions of the vehicle 
as well as rotational motions for each of the four wheels.  
 The effectiveness of the vehicle equipped with the proposed AIFS system was evaluated for 
braking-in-turn maneuvers under a range of road-tire adhesion levels. The brake torque limit 
that can be applied to the front axle was dictated by longitudinal slip corresponding to peak 
tire force. The braking performance during a handling maneuver was established in terms of 
peak brake torque and stopping distance.  
 A parametric study of braking performance was also carried out to verify the performance 
limits for a range of operating parameters such as vehicle weight and location of vehicle 
center of gravity. In all cases, the results of the AIFS system are compared with those of 
conventional AFS control in order to highlight the advantages of the AIFS control. 
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 The robustness of the AIFS controller synthesis was studied over a wide range of variations 
in the tire cornering stiffness, and while braking on a split-𝜇 road surface. 
 An extensive review of literature was carried out to explore possible steering system 
configurations to realize independent control of steering angles required for the AIFS 
concept. A mechanical system using planetary gears was explored for application of AIFS 
concept for road vehicles in a fail-safe manner. A first prototype has been developed to 
examine the functionality of the mechanism for AIFS concept. 
6.2 Conclusion 
Numerous simulation studies carried out in this investigation and analysis of results for 
conventional AFS and AIFS systems led to many observations and conclusions regarding 
limitations of AFS and performance potentials of AIFS concepts. The major conclusions drawn 
on various aspects of this study are summarized in the following: 
 The results for pure handling (steering) maneuver show that while both the AFS and AIFS 
can theoretically generate the target response to a steering command, the AFS control causes 
the inner wheel to saturate under high lateral acceleration maneuvers as the normal load on 
the wheel diminishes, while the adhesion at the outer tire will remain underutilized. 
 A simple PI controller monitoring the tire force saturation was found adequate to effectively 
limit the work-load at the inner wheel and simultaneously generate the required lateral force 
for target response by introducing additional correction at the outer wheel. 
 It is concluded that the best control approach would be to use AIFS controller to generate and 
apply the steering corrections following the Ackerman geometry at low to moderate speeds 
similar to a conventional AFS. At higher speeds or extreme maneuvers, however, the 
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controller will introduce the correction at the outer wheel to generate the required lateral 
force and reduce the steering angle applied to the inner wheel to ensure its adequate adhesion 
with the road. 
 The threshold value for the inner tire work-load was selected as 0.65, since this was found to 
nearly equalize the tire work-loads at both the wheels prior to reaching the stability or 
rollover threshold for the vehicle-tire combination considered. Such a strategy in AIFS 
control would ensure a reserve at both tires for generating longitudinal force for traction or 
braking during the handling maneuver. 
 The results obtained for heavy vehicles with solid and liquid cargo including partial loads, 
show superior active control performance of the vehicle with AIFS systems. This is attributed 
to the fact that the concept of independent control based on normal load on tires is more 
appropriate for vehicles with higher CG and greater lateral load transfer during a turn. 
 The effectiveness of the proposed control strategy was evaluated under extreme driving 
conditions such as high-speed turning, single and double lane change maneuvers and on 
different road conditions including uniform as well as split-𝜇 surfaces to demonstrate the 
superiority of the AIFS system  
 The results obtained in terms of maximum brake torque that can be applied, stopping time 
and stopping distance attained during braking-in-turn maneuvers suggested that the 
independent control of steer angle could provide highly significant improvement when 
compared with that of conventional AFS system as well as the vehicle without a controller. 
 The superiority of AIFS in comparison to a conventional AFS system for braking-in-turn 
performance was demonstrated during all extreme maneuvers and on all road surfaces as 
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long as the vehicle handling characteristics remain understeer. Its effectiveness, furthermore, 
was shown to increase rapidly as the friction between the tire and road is reduced. 
 The parametric study performed with respect to different loading conditions and the 
longitudinal and vertical location of the CG also demonstrated that AIFS concept will be 
superior under all design and operating conditions as long as the vehicle remains understeer. 
As the vehicles characteristics become less understeer or even oversteer, the AIFS 
performance approaches same as that of conventional active steering systems. 
 The robustness of the designed PI controller was finally evaluated by examining its 
sensitivity to parameter perturbations such as tire cornering stiffness and in the presence of 
external disturbance such as lateral wind force and straight-line braking on split-𝜇 surface. 
The controller was found to be robust for the uncertainties considered in this investigation as 
long as the rear wheels are not locked. 
 The functionality of the mechanical steering mechanism was evaluated using its first 
prototype to demonstrate the feasibility of implementing AIFS concept in a fail-safe manner. 
6.3 Recommendations for Future Studies 
The proposed AIFS concept and mechanism offer attractive potentials for enhancing the 
directional responses of road vehicles especially those with higher propensity for load transfer. 
The synthesized AIFS control can further ensure sufficient adhesion reserve in the event of a 
braking demand. Although the simulation results obtained with the AIFS controller revealed 
enhanced directional and longitudinal dynamic response under a wide range of steering and 
braking maneuvers, further studies are essential prior to any implementation of such concept. A 
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number of further studies including testing are thus recommended in the following that may be 
undertaken for successful implementation of the AIFS system. 
 The model used for the simulation studies can be enhanced by including roll and pitch 
dynamics as well as suspension compliances for improved prediction of instantaneous tire 
normal loads. Although this will not change the outcome or conclusions drawn from this 
study, it will help to design and implement a real time controller more accurately. 
 It would be important to integrate the driver model with the AIFS controller in a closed-loop 
manner and study the effects of the driver interference based on his/her perception to vehicle 
responses with those generated by AIFS control. 
 The effectiveness of the synthesized PI controller could be compared with other robust 
controllers such as robust 𝐻∞ or MPC controllers in the presence of both internal and 
external perturbations. 
 Alternate indicators can be explored for possible improvement in the prediction of 
instantaneous tire saturation level. In order to improve the directional stability of the vehicle, 
the side-slip angle may also be controlled along with the yaw rate response of the vehicle in 
critical turning maneuvers.  
 It is suggested to develop a virtual multi-body model of the vehicle so as to evaluate the 
dynamic responses of the vehicle considering the kinematics and dynamics of the proposed 
AIFS mechanism. 
 As a follow up to the first prototype, a more refined design of steering mechanism 
incorporating worm gear and appropriate step motors should be manufactured for 
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experimental study such as hardware-in-the-loop-simulations (HILS) prior to further possible 
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AFS MECHANISMS WITH PLANETARY GEAR SYSTEMS 
In this section, the kinematic of active steering mechanisms consisting of planetary gear 
systems are investigated for implementation of the concept for the proposed AIFS system.  
The steering ratio, (𝑖𝑠 =
𝛿𝑑
𝛿𝐹𝑤
), is defined as the ratio between the driver steering angle 
(𝛿𝑑) and the average angle of the front road wheels (𝛿𝐹𝑤). In comparison with the conventional 
steering system (Fig. A.1(a)), the pinion angle (𝛿𝑝) could be obtained through the linear 
superposition of the driver angle with the electric motor angle in an active steering system, (Fig. 
A.1(b)), such as: 
𝛿𝑝 = 𝑞1𝛿𝑑 + 𝑞2𝛿𝑚 (A.1) 
where 𝛿𝑚 is the angle of rotation of the electric motor, 𝑞1 and 𝑞2 are the gains which are 
formulated based on the gearing mechanism. It should be noted that there is a nonlinear relation 
between the pinion and the front wheels originated from the steering and suspension mechanism 
and is expressed by function, 𝑓𝑤. Using equation (A.1), the average angle of the front wheels, 
δFw, can be expressed as [13]: 
𝛿𝐹𝑤 =  𝑓𝑤(𝛿𝑝) =  𝑓𝑤(𝑞1𝛿𝑑 + 𝑞2𝛿𝑚) (A.2) 
The steering ratio thus could be rewritten such as:  
𝑖𝑠 =
𝛿𝑑





                                               (a)                                                      (b) 
Figure A.1: Relation between the steering wheel angle and the front wheels angle in: (a) 
conventional; and (b) active steering system [154]. 
The kinematic analysis of planetary gear system must be thoroughly examined for its 
successful implementation in an active system. Reviewing the literature on the planetary gear 
arrangements used in active steering systems suggested different steering ratio which could 
affect the responsiveness, inertia and the size of the active steering system. As discussed earlier, 
three possible configurations in terms of gears used for input, output and integrating with motor 
are possible. The functions of three planetary gear configurations are examined in detail in the 
following and summarized in Table A.1.  
Configuration Ι: 
Gao et al. [155] studied the mechanism of an AFS system using a dual planetary gear as shown 
in Fig. A.2. The kinematic relations between the parts are as follows: the sun gear (Ι) is fixed to 
the steering wheel, thus, it has the same rotation as the steering wheel. The stepped planet gears 
connect the sun gear (Ι) to the sun gear (ΙΙ). This mechanism is capable of transmitting the hand 




Figure A.2: Configuration Ι of planetary gear system [155]. 
steering modes. In the conventional mode, when the motor is fixed, the worm wheel does not 
rotate and holds the planet carrier stationary. The rotation of the sun gear (Ι) is transmitted to the 
sun gear (ΙΙ) through the planet gears (Ι) and (ΙΙ). This motion is subsequently transmitted to the 
rack via the pinion meshed into the sun gear (ΙΙ).  
In case where the motor is activated, based on the driving situation and ECU decision, the 
electric motor turns the worm and then the worm gear. As mentioned earlier, the worm gear and 
the carrier are integrated, so this motion is transferred to the planet gear (ΙΙ) and the sun (ΙΙ). 
Finally, a variable steering ratio and a required steering angle can be obtained by the 
simultaneous turn of the sun gear (Ι), through the steering wheel, and the worm gear, via the 
electric motor. The resultant wheel angle also depends on the turning direction of the sun gear 
(Ι) and the worm gear. When the worm gear and the sun gear (Ι) rotate in the same direction, the 
resultant wheel angle is smaller than the angle applied by the driver while it is increased when 
they rotate in the opposite direction. It should be noted that the safety of the system is guaranteed 
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by locking the worm gear with the electromagnetic locking unit and the system convert to the 
conventional steering system.  
Configuration ΙΙ: 
Zhang et al. [156] analyzed the AFS mechanism applied in BMW steering system as 
depicted in Fig. A.3. This configuration consists of two planetary gear systems connected by 
carrier (H) while the first outer ring, gear (3) is fixed and the second one, (gear 7), can be driven 
by the electric motor. In conventional mode, when the motor is fixed, the rotating input from the 
first sun, gear (1), transmitted to the planet gear (2). This gear walks inside the fixed outer ring 
and turns the carrier H. The planetary gear (8) then will be rotated by the carrier and resulted in 
rotation of gear (9) which is meshed to the pinion gear meshed with the steering rack. 
 
Figure A.3: Configuration ΙΙ of planetary gear system [156]. 
In case when motor (4) is active, this motor drives the endless screw (5). This motion is then 
transmitted to the worm gear (6) which is coupled with the outer ring (7) in the second planetary 
gear set. The outer ring consequently turns the planetary gear (8) and it drives the sun gear (9) 
which is meshed to the pinion. As a result, the final output angle is the composition of the angle 
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comes from the first planetary set, which is originally imparted by the driver, and the angle 
generated by the electric motor as the compensated angle that ECU decided. Similar dual 
planetary gear system was also found in the reference [116] while in this study, the electric 
motor was positioned to rotate the ring of the first planetary set while the second ring was held 
fixed. 
Configuration ΙΙΙ: 
Figure A.4 illustrates another planetary gear configuration proposed in a study performed by 
Xiang et al. [154]. In this design, the driver steering angle input rotates the carrier (5), instead of 
the sun gear compared to the configuration ΙΙ. This motion is transmitted to the sun gear (9) 
through the planet gear (7) and the sun gear (6) while the outer gear (8) is fixed in the first 
planetary gear system. In case where the motor is braked, the rotation of the sun gear (9) coupled 
with the planet gear (10) is transmitted to the carrier (12) which is meshed to the pinion gear. 
 
 
Figure A.4: Configuration ΙΙΙ of planetary gear system [154]. 
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In case where the motor is active, the superposition rotation of the sun gear (9) and the outer 
gear (11), which is attached to the electric motor, resulted in rotation of the second carrier (12) 
meshed with the pinion. 
This design could provide more flexibility for positioning of the gears of the planetary 
system in engine compartment since the position of the input shaft could be changed with the 
output shaft by positioning the worm wheel on the outer gear (8). It was also claimed that this 
system could provide smaller volume, higher efficiency, accurate rotational positioning and less 
manufacturing cost compared to the configuration ΙΙ. The study of the aforementioned active 
steering mechanisms thus revealed that each layout could provide different steering ratio and 
transmission efficiency based on how the driver, driven or fixed gear is selected as summarized 
in Table A.1. 








 to the motor 
Pinion angle (δp) 
Configuration Ι sun Ι sun ΙΙ carrier (
𝑍𝑆𝛪𝑍𝑃𝑡𝛪𝛪
𝑍𝑆𝛪𝛪𝑍𝑃𝑡𝛪







Configuration ΙΙ sun (1) sun (9) Outer gear (7) (
𝑍1(𝑍7+𝑍9)
𝑍9(𝑍1+𝑍3)






Configuration ΙΙΙ carrier (5) carrier (12) Outer gear (11) (
𝑍9(𝑍6 + 𝑍8)
𝑍6(𝑍9 + 𝑍11)





where 𝑍𝑆𝛪 , 𝑍𝑆𝛪𝛪 , 𝑍𝑃𝑡𝛪, 𝑍𝑃𝑡𝛪𝛪 refer to the size of the sun gear Ι, sun gear ΙΙ, planet gear Ι and 
planet gear ΙΙ, respectively, as depicted in Fig. A.2. 𝑍𝑖 refers to size of the related gear in 
configurations ΙΙ and ΙΙΙ as shown in Figs A.3 and A.4. 𝐺𝑚 is the ratio between the motor and the 
coupled gear in all configurations. The mechanism presented in Chapter 2 (Paper 1) uses two of 
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the planetary gear systems where the motors for the left and right wheel remain fixed until 
correction is required by the AIFS system. When correction and the corresponding wheel is 
demanded by the CPU, the respective motor will be activated to alter the angle of that wheel 
alone. A first prototype of the design is manufactured to study its functionality in application to 

















AIFS STEERING MECHANISM PROTOTYPE 
As stated earlier, the successful implementation of AIFS concept is largely dependent on the 
mechanism that can provide the required independent control of the steer angles in a fail-safe 
manner. Following an extensive review of literature, a mechanical system based on tandem 
planetary gear systems that can be readily adapted for this application was identified as the one 
reported in [117] and presented in sections 2.5. Figure B.1 shows a 3D-schematic of the AIFS 
mechanism developed prior to manufacturing of the components. As demonstrated in this figure, 
the AIFS mechanism consists of two sets of planetary gear trains, each comprising a sun gear, 
four planet gears, a planet carrier and an outer ring gear coupled with a servo motor through a 
spur gear. 
The first prototype manufactured in collaboration with an undergraduate capstone team 
[157] is shown in Fig B.2. The mechanism using two half racks and two planetary gear systems 
presented in this figure has been configured in order to realize the steering system that functions 
like a conventional active steering, except that the angle of a selected wheel can be altered to 
provide an AIFS control. The first prototype of the mechanism was built in order to examine: the 
functionality of the mechanism for independent control; effectiveness of the design in providing 
necessary motions at the wheels; effectiveness of the design and motor torques to provide 
necessary forces at the wheels; limit the correction feedback to the driver through the steering 
wheel; compactness of design; ideal sensors and their locations etc. 
Figure B.3 shows a photograph of the AIFS system installed on a project vehicle structure 
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with the racks attached to the front wheels. In this setup, both the sun gears are attached to the 
steering wheel of the vehicle while the motors are coupled with the ring gears using spur gears. 
 
Figure B.1: 3D-layout of proposed AIFS mechanism. 
 
Figure B.2: First prototype of the AIFS mechanism. 
 
Figure B.3: Designed AIFS prototype installed on a project vehicle structure. 
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Physically, the designed AIFS mechanism was found capable of providing active 
independent steering of the left and right wheels on demand. The same mechanism can also be 
used to generate variable steering ratio depending on the vehicle speed and the driving condition. 
A number of observations, however, were made in the implementation of the AIFS which must 
be addressed in the design of the next prototype. Some of these concerns are outlined in the 
following. 
 The design having two racks for the front steering system must be reconfigures to 
accommodate the function like a single in-line rack in order to ensure preservation of the pro-
Ackerman geometry. In the trial of the first prototype, therefore, the right- and the left-
steering racks were bolted to threaded rods which were mated with the vehicle tie rods. As 
shown in Fig B.4, washers were used as spacers to correct the offset between the racks and 
tie rod. The pro-Ackerman geometry was thus validated as required at low speeds and in the 
absence of any correction. 
 Available motors and sensors (potentiometers) in the laboratory were used to investigate the 
function of the prototype. The power of the motors, however, was found inadequate to 
generate corrections under load of tires. It is thus concluded that servo motors with higher 
power using worm gears, instead of spur gears, meshed with rings are desirable. Servo 
motors should thus be used which could be returned to their neutral positions and locked by 
use of an internal motor brake in case of any failure and convert the system into a 
conventional steering system. 
 Using available motors and sensors for steering input and wheel angles, a preliminary 
hardware-in-the-loop-simulation (HILS) has been performed to study the effectiveness of the 
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designed mechanism with the synthesized PI controller. The test was only marginally 
successful due to inadequate motor torque and lack of preciseness of the sensors, as they 
were not appropriate for the applications.  
 The prototype also exhibited certain feedback of the motor correction to the driver steering 
wheel. It was intended that the system do not generate any feed back to the driver and the 
correction could be performed without the knowledge of the driver. This issue can be 
addressed to a large extent by replacing the spur gear with a worm gear as discussed earlier. 
 A compact design packaging of the mechanism is another very important element that is 
essential for successful implementation. Alternative configurations must thus be explored 
with compactness and efficiency in mind. 
 Rapid prototyping of possible designs would be the best course of action, when testing 
different iterations of the gearing system and compactness of the designs. This process would 
minimize manufacturing time and cost. Based on the findings and experience, therefore, a 
second prototype should be redesigned and manufactured for tests using the hardware-in-the-
loop (HIL) technique. 
 





Table C.1: Simulation parameters for a step van vehicle. 
Parameter Value 
Vehicle mass, 𝑚(kg) 4631 
Mass moment of inertia about z-axis, 𝐼𝑧𝑧(kgm
2) 15064 
Wheelbase, 𝐿(𝑚) 3.5 
Distance of C.G from front axle, 𝑏(m) 1 
Distance of C.G from rear axle, 𝑐(m) 2.5 
Height of C.G from the ground, ℎ𝑐.𝑔(m) 1.2 
Half front track width, 𝑇𝐹(m)  0.85 
Half rear track width, 𝑇𝑅(m) 0.85 
 
Table C.2: Simulation parameters for fully loaded two-axle truck. 
Parameter Value 
Vehicle total mass, 𝑚(kg) 13730 
Load mass, 𝑚𝑐(kg) 9079.7 
Chassis and tare tank, 𝑚𝑠
′  (kg) 3000 
Front unsprung mass, 𝑚𝑢𝐹(kg) 550 
Rear unsprung mass, 𝑚𝑢𝑅(kg) 1100 









Unsprung mass moment of inertia, 𝐼𝑧𝑢(kgm
2) 1028 
Wheel moment of inertia, 𝐼𝑤(kgm
2) 12.5 
Wheelbase, 𝐿(m) 3.49 
Distance of CG from front axle, 𝑏(m) 1.98 
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Distance of CG from rear axle, 𝑐(m) 1.51 
Half front track width, 𝑇𝐹(m)  1.00 
Half rear track width, 𝑇𝑅(m) 0.93 
Wheel radius, 𝑅𝑤(m) 0.548 
Tank radius, 𝑅(m) 1.0 
Tank base height from chassis CG, 𝑍𝑏(m) 0.2 
Tank Length, 𝐿𝑐(m) 3.5 
Overall CG height from the ground, ℎ𝑐𝑔(m) 1.56 
Sprung mass CG height from the roll center (rigid cargo), ℎ𝑠(m) 1.02 
Chassis CG height from roll center, ℎ𝑠
′ (m) 0.12 
Liquid cargo CG height from roll center, ℎ𝑐(m) 1.32 
Height of front unsprung mass CG, ℎ𝑢𝐹(m)  0.5 
Height of rear unsprung mass CG, ℎ𝑢𝑅(m) 0.5 
Roll center height- Front axle, ℎ𝐹𝑟𝑜𝑙𝑙 , (m) 0.68 
Roll center height- Rear axle, ℎ𝑅𝑟𝑜𝑙𝑙 , (m) 0.68 
















Distance between geometric center of side body and CG, 𝑒𝑊(m
2) 0.15 
 
 
 
 
 
 
 
